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ABSTRACT
Road salt is a global problem especially in cold countries that are focused on road safety in
urbanized and big cities. On an average approximately 5 million tonnes of road salt is applied on
Canadian highways annually according to Meriano,et al, 2009. Road salt impacts aquatic ecosystems,
bridges, buildings and corrodes metal structures. Therefore the treatment of road salt is important and
needs to be studied.
In this study, a batch lab-scale 3-compartment electrochemical fuel cell was invented and studied
to reduce NaCl(aq) (model of road salt) through the utilization of NaBH4/H2O2 redox reaction. Using of
several commercial cation exchange and anion exchange membranes desalination was shown to be
successful. The average road salt concentrations around City of London, ON was found to be 12 to 18
g/L, which the fuel cell was built based on. Operating in the batch regime, the CMI-7000 (cation
exchange membrane product) in combination with AMI-7001 (anion exchange membrane product)
membrane pairs assisted in the removal of sodium ions with ~98.9%; whereas; the removal of chloride
ions was ~99%. The total desalination rate (TDR) for NaCl was 0.70 g/L.hr. Other salts such as
MgCl2(aq), CaCl2(aq) and KCl(aq) were desalinated almost completely in the same lab-scale 3-compartment
electrochemical desalination cell in the batch regime. The borohydride/peroxide cell in the batch regime
has demonstrated its viability for the desalination of salt solutions.
Second, the 3-compartment electrochemical desalination cell at batch regime with external mixing
was studied for faster desalination. It was also used to study additional five different sets of process
parameters. The total desalination rate for NaCl was 2.4 times better for batch regime with mixing (1.65
g/L.hr) in comparison to static batch regime (0.70 g/L.hr).
Third, a 3-compartment electrochemical desalination cell (EDC) was studied utilizing the energy
from NaBH4/H2O2 redox reaction in the continuous regime. Desalination rate is fastest with continuous
regime, where on average the total desalination rate for NaCl was 7.6 times better for continuous regime
(5.32 g/L.hr) in comparison to batch regime (0.70 g/L.hr).
Fourth, a batch lab-scale microbial desalination cell (MDC) was studied. Its performance was
compared to that in the previous work (EDC in the batch regime) to reduce the salt concentration by utilizing
the energy from sodium acetate/potassium ferricyanide redox reaction. This 3-compartment sodium acetate
/NaCl /potassium ferricyanide cell was effective in desalinating NaCl (modeled road salt); however, it is
slower. The Total Desalination Rate for EDC was 0.70 g/L.hr; whereas, MDC’s TDR was 0.20 g/L.hr. This
microbial desalination cell in the batch regime was advantageous because it utilizes wastewater’s energy in
desalination.
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In addition, a lab-scale hybrid Microbial Desalination Cell (MDC)/EDC was invented and studied to
remove NaCl(aq) by utilizing the NaBH4/Fe2(SO4)3 redox chemical reaction in the batch regime. Preliminary
runs were “offline”; whereas, “inline” test runs were explored when hybrid MDC/EDC was attached to the
bioreactor. The Total Desalination Rate-* this system was 1.1 g/L.hr; whereas, MDC’s TDR was 0.20 g/L.hr.
All the different studies of electrochemical and bio-electrochemical desalination cells are novel work and can
be scaled-up.
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SUMMARY FOR LAY AUDIENCE
This research focused on the issue of road salt contamination during the icy winter months in
Canada. Two innovative fuel cell technologies were invented and studied to remove salt from salty water to
make is safe to dispense into the environment.
We explored the idea at first to ensure that desalination can be obtained from utilizing the fuel cell
technology that exists in the market today. Thereafter, we explored faster desalination through the same
special co-polymer membranes by mixing and increasing the mass transfer rate in the process. Lastly, we
explored biochemical approach for a much cleaner byproducts using bacteria (ferrous iron bio-oxidation of
by Leptospirillum ferriphilum microorganisms). Although the process was slightly slower than EDC,
similar desalination results were achieved. Road salt will continue to be an issue for safer driving across
Canada. The electrochemical/biochemical approaches explored in this study can be used for desalination.
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DC Direct Current
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ED Electrodialysis
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EDC Electrochemical Desalination Cell
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GDE Gas Diffusion Electrode
GHG Greenhouse Gas
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MET Mediated Electron Transfer
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MVC Mechanical Vapor Compression
MED Multi-Effect Distillation
MET Mediated Electron Transfer
MSF Multistage Flash Distillation
MTO Ministry of Transportation Ontario
NCP Number of Cell Pairs
ORR Oxygen Rreduction Reaction
OCV Open Cell Voltage
PB Prussian Blue
PBS Phosphate buffer solution
Pt/C Platinum on Carbon Electrode
Pd/Ir Palladium/Iridium
PMDC Photosynthetic Microbial Desalination Cell
PEM Proton Exchange Membrane or polymer electrolyte membrane
PPS (Polyphenylene sulfide)
ppt Parts per Thousands
PFSA Perfluorosulfonic acid
PTFE Polytetrafluoroethylene
RE Reference Electrode
RO Reverse Osmosis
RT Room Temperature
SHE Standard Hydrogen Electrode
SDR Specific Desalination Rate
SEM Scanning Electron Microscope
SMDC Stacked Microbial Desalination Cell
SMEDIC Stacked Microbial Electro-Deionization Cell
TDR Total Desalination Rate
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TDS Total Dissolved Solid
THK Membrane Thickness
UMDC Upflow MDC
v Kinematic Viscosity of Water
XAS X-Ray Absorption Spectroscopy
XRD X-Ray Diffraction
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Anode Potential (V)
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Chapter 1
1.1 INTRODUCTION
Road deicing salt is applied to highways and roads in Ontario and many other cold regions in the
world. The annual average of road salt being spread on highways in Canada is 5 million tonnes. The
environmental impact of road salt is significant and is not limited to Canada, but is rather a global problem.
All deicing road salt applied to sidewalks, driveways, roads, and parking lots makes its way to the local
waterways. Furthermore, road salt seepage at snow disposal sites and salt storage facilities is influencing the
environment. It is well-known that, vegetation stress and decreased productivity/soil fertility are caused by
salt contamination. Na+ displaces essential soil’s plant nutrients, and soils deprived of vegetation are more
susceptible to erosion. Vast quantities of Cl ions are being released to the environment are of major concern,
which has pushed both federal and municipal authorities to set action plans for remediation.
Desalination is a process of removing salts from a target substance such as water. Typical
concentrations of dissolved salts are classified into two categories: seawater and brackish water. The most
widely used process desalination technologies are based on either membrane or thermal separation
according to AD Khawaji et al, 2008. Reverse osmosis (RO) and electrodialysis (ED) fall under the first
group of technologies; whereas, multistage flash distillation (MSF), multi-effect evaporation (MEE), and
mechanical vapor compression (MVC) fall under the latter. In addition, there is a third approach, which
uses electrochemical fuel cells.
Fuel cells utilize electrochemical reactions to generate electricity. `Several desalination cell
types are specific to desalination in particular with the additional secondary focus such as maximizing
electricity and/or byproduct generation. In this research, electrochemical desalination cell was investigated
for road salt mitigation.
This study is significant because, further optimization and scale up will allow the direct
application for road salt treatment and assist in the commercialization of this technology. In addition, the
proposed approach helps in producing energy and improved efficiency for salt regeneration and helps on
the protection of the environment.
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1.2 RESEARCH OBJECTIVES:
Towards the completion of this study, one overall objective and several sub-objective were
achieved:
1.2.1

Overall objective:

Investigate both electrochemical-based fuel cell and hybrid electrochemical/
bioelectrochemical cell for desalination.

1.2.2

Specific objectives:

The following were specific sub-objectives or milestones of this study.
Objective 1: Investigate road salt concentrations at several sites around London, Ontario, Canada.
Objective 2: To build and investigate an original 3-compartment sodium borohydride/ hydrogen
peroxide desalination cell operating in the batch regime.
Objective 3: To build and investigate the 3-compartment sodium borohydride/ hydrogen peroxide
desalination cell operating in the continuous regime.
Objective 4: To build and investigate an original 3-compartment hybrid sodium borohydride/microbial
desalination cell operating in the batch regime.
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1.3 THESIS ORGANIZATION:
The present work contains six chapters and follows the format as outlines in the Thesis
Regulation Guide by the School of Graduate and Postdoctoral Studies (SGPS) of Western University.
The chapters are explained below:
Chapter 1: Presents the general introduction and background, research objectives, and
contribution.
Chapter 2: The literature review was carried out related to different topics in this thesis on
the desalination of road salt from source waters in Canadian winters, existing
desalination cell technology such as MDC and PMDC. It also sections include
fuel cell basic measurements and its components.
Chapter 3: Investigation of a 3-compartment NaBH4/H2O2 electrochemical desalination cell
operating in the batch regime.
Chapter 4: Investigation of a 3-compartment NaBH4/H2O2 electrochemical desalination cell
operating in the batch regime with mixing and continuous regime.
Chapter 5: Investigation of Batch Hybrid Microbial Desalination Cell (MDC)
Chapter 6: Conclusions and recommendations.

1.4 RESEARCH NOVELTY AND SIGNIFCANCE:
The main novelty of this research is as follows:
•

Electrochemical Desalination Cell: For the first time, this study examines 3-compartment
NaBH4/salt/H2O2 system for desalination without the need for external power input in both the
batch and continuous regimes. In addition, a recycle loop was also investigated for desalination rate
change.

•

Bioelectrochemical Desalination Cell: For the first time, this study examines a 3-compartment
NaBH4/salt/microbial system for desalination. The results were compared to conventional MDC
cell.
In the future, optimization and scale-up will allow the direct application for road salt treatment.

This study is significant because it helps in saving energy and improved efficiency for salt regeneration.
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Chapter 2
Literature Review

2.1

ENVIRONMENTAL IMPACT OF ROAD SALT
In densely populated areas across Canada, specifically in southern Ontario and Quebec, the

application of road salt for preventing the roads from freezing and icing in the winter is a way of life. One
survey had shown that approximately 5 million metric tons of road salt was applied every year to roadways
between 1995 and 20011. Furthermore, consuming road salt winter sand adds to the natural impacts and the
expense of highway operations2. Reported at municipal level, salt application rates in the district of
Waterloo, Ontario confined from 70 to 180 kg per lane km on freeways and arterial ways and were 65 kg
per lane km on compilers and local roads3. Road salt application is commonly required in southern Ontario
between November and April, for instance, 7,600 tons of NaCl road salt are applied to the Frenchman's
Bay watershed.4
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Fig. 2.1: NaCl Used for Deicing Across US (1975 – 2017)3

Road salt causes widespread and environmental impact.5 For examples, the chloride contamination of
ground water is a significant concern. A study found that, chloride contamination of groundwater6,7 from
road deicing salt in the greater Toronto (Ontario, Canada) area was high and identified to be widespread.
There are no suitable substitutes to deicers from rock salt, but more research is required on the
environmental impacts of its alternatives (beet juice or cheese brine). There are different approaches to
enhance the effectiveness of road salt use, which should be carefully considered by road service
organizations. A study made some proposals to prevent water resources from road salt contamination
including: reducing the scale of development, redistributing development to reduce road density,
introducing stronger controls on the use of road salt, and redesigning storm water collection systems to
maximize salt retention. The increased concentration of sodium in water courses has negative effects on
fish and aquatic elements by interfering with their respiratory processes. Increased levels of chloride ions
can cause mortality-reduced weight and activity decreased time to metamorphosis and increased
abnormalities in amphibians.7 As for plants, increasing chloride levels can also cause leaf injury, alter soil
physiology, chemical composition and increase the mobility of elements such as heavy metals in
sediments.
Environment Canada has a directive for monitoring road salt usage and storage and for identifying
environmentally sensitive receptors including ground water and surface water8. The most important result
of the study is that the impact of road salting on ground water can be severe and therefore every effort
should be made to reduce or eliminate salting where possible. The first step is to carefully control and
monitor any salting to avoid over-application. The elimination of salting on secondary roads can also be a
5

very effective mitigation measure. Another good option would be to completely eliminate road salt from
designated sensitive areas and to use an alternative deicer (beet juice or cheese brine) instead. A further
option would be to reduce dependence on salting by introducing lower speed limits during the snow
season. A combination of these options might offer the best hope for averting the progressive and
practically irreversible contamination of our precious ground water resources by road salt chloride. The
road salt used is mainly NaCl, which accounts for at 97% of road salt used in Canada. CaCl2, MgCl2 and
KCl are used less often and only during temperatures below-17°C, where NaCl becomes ineffective.
An often unquantified but likely significant use of road salt is from private deicing operations such
as applications onto sidewalks, driveways, and parking lots.20 Under the Canadian Environmental
Protection Act, 1999 (CEPA 1999)9, road salts that contain chloride salts have adverse impacts on the
environment and are therefore toxic under subsections 64(a) and (b). Thereafter, the publication of April
2004 report on Code of Practice for the Environmental Management of Road Salts. This code of practice is
the sole purpose is to help the provinces, municipalities and other road authorities had better manage their
use of road salts. Following the code in management is meant to reduce the harm that road salt causes to
the environment while still maintaining road safety.
Many aquatic (fish, amphibian and invertebrate) species are affected by chloride ion concentrations.10
Salinity is a critical factor in controlling survival and distribution of both freshwater invertebrates and fish.
According to one study,1 7,770 lakes in the USA may be at risk from elevated chloride concentrations is
likely an underestimate, as it does not consider regions of heavy road salt application. In addition, many
authorities are not complying with long-term monitoring programs.11 Many authorities lack dependable
long-term monitoring programs, to provide data for predictive models and can be used to raise awareness,
change policy and decision-making used on road salt contamination affects.
Especially problematic to the diversity of aquatic species, road salt increases salinity, which reduces
osmotic endurance in nature. According to one study,12 salt concentration can change the structure of aquatic
communities in saline lakes. Half of applied road salt is thought to enter surface waters at the site of
application by the means of roadside drainage networks and the other either is removed during snow removal
or enters soil and groundwater. The sensitivities of both spotted salamanders and wood frogs to road salt is
well documented. The spotted salamander embryos were decreased in survival along roadside vernal pools
contaminated with road salt. In a nutshell, that exposure to road salts can influence amphibian community
species greatly sensitive to high chloride environments.13 Due to increased urbanization and construction
through forested areas road salt application and associated toxicity is an important factor directly contributing
to amphibian declines in northern latitudes14. At high concentrations of road salt reduced survival in both A.
maculatum and R. sylvatica. A. maculatum are effected by road salt at moderately low concentrations. Road
salt was predicted to have devastating impacts on A. maculatum than R. sylvatica. This was due in part to the
increased vulnerability of salamanders very low to moderate salt concentrations.15
6

A clear example of road salt chaos is Lake Simcoe in Ontario, where road salt contamination is as
result to commercial and institutional parking lots lack clear guidelines and protocols. Chloride
concentrations are generally an indicator of expanding urbanization. Ontario has the highest level of salt
use of all Canadian provinces. Another example would be Lake Ontario, which is considered the source
of chloride loading where multiple entry points exits from local sources.16
Significant amount of metals in road/highway runoff include highway metal structures &
appurtenances, worn tires, corroding car bodies and engine parts, brake shoes and linings and car/truck
exhausts. extra increases of the toxicity of runoff containing road salts comes from the presence of
cyanides, whose concentrations at the point of discharge sporadically overtook or overstepped the values
(0.005 mg/L free CN) specified by the Canadian Water Quality Guidelines for support of aquatic life.
However, the cyanide concentrations in receiving waters are expected to be low because of the upstream
dilution, so no negative impact would be predicted from these compounds. In the late spring, summer and
fall, concentrations of road salt constituents remain low, as expected (4–185 mg/L Cl). The runoff samples
having high concentrations of road salts from winter maintenance were acutely toxic to Daphnia magna.17.

2.2 ECONOMIC IMPACT
A research by Ministry of transportation Ontario (MTO) derived changes to safety standards and
bylaws on the highways that could discharge significantly without jeopardizing road safety. Efficient
road salt management needs allocation to adopting, implementing and refining best management
practices. This will involve a long–term vision, senior management support, dedicated resources,
sufficient and regular training, perseverance, continual innovation and development, and an ability to
deal with changing organizational culture and behaviors, which time consuming. Public safety must be
maintained as best management practices are implemented. staff at all positions of the organization will
require to be trained and educated to become useful in order to reach maximum benefits.18
There is no question road salt contaminates the environment through reaching waterways including
source water and groundwater. The extent of its destruction is assessed continuously due to increased
urbanization and addition of roads through forest areas. Current desalination technologies are capable of
removing the salt, but at high cost.

2.3

REGIONAL ROAD SALT CONTAMINATION
2.3.1 Regions in Canadian provinces:
Average chloride concentration at Lake Simcoe, Ontario, Canada (1971-2017) is climbing annually

shown in Fig. 2.1 due to road salt. The figure also illustrates average provincial and territorial data 21.
Ontario has the highest average total salt used in tonnes.
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Fig. 2.1: Average Chloride Conc. at Lake Simcoe, Ontario, Canada (1971-2017)
The Ministry of transportation Ontario (MTO) and other provincial entities are working to eradicate
or reduce the impact as much as possible. Per MTO’s plan as shown Fig. 2.2 below, several monitoring
and control targets are close to be fulfilled 100% when it comes to road salt; whereas, others are
improving on an annual basis. The following results have been reported by all levels of government and
private road organizations that adopted the Code of Practice and are compared from 2018 with projection
for up to year 2024.20

Fig. 2.2: Summary results for performance indicators and comparison to national targets2
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2.4.2 Salt Belt in USA
Road salt is used in winter to control snow and ice in the northern part of the United States. As
shown in Fig. 2.3 below, the states are colored in red including New England are part of “Salt Belt”.
Per a publication, the ecological and human health costs associated with use of road salt are becoming
more pronounced in NH and New England8. The adaptation of long-term monitoring is found to be
essential in quantifying the amounts, elucidate the impacts, and maintain the ecological health of the
region.

Fig. 2.3 Salt belt across the United States.

2.4

ISSUES THAT NEED TO BE ADDRESSED

The following is a summary of several issues that need to be addressed:
•
Practical on-site pilot and installation that desalinate.

2.5

•

Environmentally friendly desalination solution using bio-electrochemical solution

•

Desalination without a second step to address pH of desalinated effluent water.

•

Energy consideration such as using microalgae for desalination requiring less energy.

•

Study microbes and microalgae suitable for desalination at lab setting.

•

Optimize the experiment to be suitable for site and microbes/microalgae types.

•

Study membrane fouling and its decline and recommend timely replacement schedule.

PARAMETERS TO CHARACTERIZE ROAD SALT
The following parameters are used to characterize road salt:

2.5.1 Salinity
The concentration of total dissolved salt ions in a given volume of water is known as
salinity. The SI units are either gram of salt/kg of water or parts per thousands (ppt).
Freshwater salinity is normally less than 0.5 ppt, brackish water is between 0.5 ppt and 17.0
ppt, seawater on average is 35 ppt and brine water is 50 ppt. Salinity is a vital factor in
controlling the endurance and release of both freshwater invertebrates and fish. Salinity
9

endurance by most freshwater organisms are divided into two categories: a) Stenohaline, have
a narrow range of tolerance to changes in salinity and b) Euryhaline, that can endure and
orientate to a wide range of salinities22

2.5.2 Conductivity
Conductivity is a measure for a solution’s ability to conduct or transmit ions. In SI units,
conductivity unit is Siemens per meter [S/m]. Conductivity is used in chemical solutions pertaining
to water and ionic substances because of the movement of charged particles. Conductivity specifies
the presence of ionic substances in water because that chemical substances are crucial for the
survival of aquatic organisms. Generally, conductivity of ultra-pure water, drinking water and
seawater is 5.5E-6 S/m, 0.005 – 0.05 S/m and 5 S/m, respectively.

2.5.3 pH
A glass electrode and a pH meter or mV meter are used to measure the pH of aqueous solutions.

Fig. 2.4: pH values for some chemicals and everyday products.(www.epa.gov)

pH is temperature-dependent. For example, at 25 °C the pH of pure water is 7.00, at
100 °C it's 6.14 and at 0 °C it's 7.47.
2.5.4 Electrode potential
E, is temperature dependent according to the Nernst equation, as shown in Equation 2-1:

(2-1)
where; Ecell is a equilibrium potential (V),
E0cell is the standard electrode potential (V),
R is the gas constant (8.31 J/mol.K),
T is the temperature (K), and n = number of electrons
F is the Faraday constant (96,485 C/mol.e-).
Q is reaction quotient, ([Reducation]/[Oxidation])
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2.6

FUEL CELL BASICS
A fuel cell is an electrochemical device that continuously converts the chemical energy

content of the fuel into electrical energy and some heat on condition that fuel and oxidant are
supplied. It differs from a battery in the sense that it does not contain all the necessary reactants
as initially stored.
2.6.1 Open Cell Voltage:
Electromotive force is defined as voltage or potential difference. Voltage is measured
by Volt as the unit, which can be expressed as the joules of work required to proceed a coulomb
of charge. Stored energy potential drop is another definition for voltage. With the absence of
current, an open circuit voltage, or OCV, is a cell voltage measurement. In theory, the OCV is
supposed to approach the cell electromotive force (emf), but it never does, due to potential
losses from various causes.
2.6.2 Current Density:
Current density is the important method to evaluate a fuel cell. (A/m2) is defined as
unit. By reduction of electrical resistance between the cathode and anode, current density–
power relationships are determined.
2.6.3 Power Density:
Volumtric power density unit is W/m3. In SI, the unit of electric power density is
(AV/m2). The highest generated power reported so far for microbial desalination cells (MDCs)
is 31 W/m3 by virtue of oxygen reduction reaction at the cathode; however, with K3Fe(CN)6
catholyte, the maximum power reported is 65 W m-3 with normalized anolyte volume
(reference). The power (P) in watts is equal to the voltage (V) in volts, times the current I in
amps (A) as shown in Equation 2-2:
P [W] = V[V] x I[A]

`

(2-2)

2.6.4 Desalination Rate in Batch Regime:
(ᴋ − ᴋ t)
tℎ

=

t

Where;
Kin - Electrical Conductivity In;
Kout - Electrical Conductivity Out;
t = Time (min)
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(2-3)

2.6.5 Desalination Rate in Continuous Regime:
(ᴋin − ᴋout)
DRContinuous =

(2-4)

T

Where;
Kin - Electrical Conductivity In ;
Kout - Electrical Conductivity Out;
τ= Tau (1/min)

T=
V - Volume (ml); and
Q - Volumetric Flowrate (ml/min).

V

(2-5)

Q

2.6.6 Current Efficiency:
Fuel cell’s important property is the current efficiency. It’s the number of ions
separated per e- transferred at the electrodes. Equation 2-6 shows current efficiency:

ryi =

(FzVLlc)

(2-6)

Ncpʃidt

ηi current efficiency (%)
Δc is a change in the concentration of ions; (mol/L)
V – Volume of the liquid; (L)
NCP – number of cell pairs
i is current (A)
F Faraday’s Constant 96,485 (C/mol)
z stoichiometric number of electrons
t – Time (h)
2.6.7 Coulombic Efficiency:
Coulombic efficiency (CE) is the ratio of the total number of electrons that move from the
anode to the maximum number of electrons produced due of the bacterial oxidation reactions
of the anolyte at the anode as shown in Equation 2-7.

C! =

("O$ % idt)
(ne F Vanode ∆COD)

(2-7)

Where, MO2 - Molecular weight of oxygen (g/mol)
I – Current (A)
t – Time (h)
ne is the required number of electrons to reduce oxygen to water.
F – Faraday’s Constant, 96485 (C/mol)
Vanode is the volume of the anode chamber; and
ΔCOD – change in chemical oxygen demand of the wastewater;
Coulombic efficiency shows that fraction of the substrate was applied by the bacteria for the
current production. Good isolation of anode section from O2 causes high coulombic efficiency
by means of multiple ion exchange membranes. Specific desalination rate and total
desalination rate are the factors applied to measure the efficiencies of desalination.
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2.7 EXISTING DESALINATION TECHNOLOGIES
Several desalination processes are available and widely used for brine water, seawater,
brackish water and seawater. These membrane separation systems include: reverse osmosis (RO),
and electrodialysis (ED); and thermal separations including: multistage flash distillation (MSF),
multieffect distillation (MED) and mechanical vapor compression (MVC). Approximately, the
bulk of the plants (90%) of desalinate seawater worldwide are using RO and MSF technologies
and percentages are shown in the bar chart below.23

Fig. 2.5: Percentage of membrane and thermal desalination plants worldwide.23
Table 2.1: Desalination production for major countries around the world24

Country
Saudi Arabia
UAE
USA
Spain
Kuwait
Algeria
China
Qatar
Japan
Australia

3

Cubic meters per day (m /d)
10,759,693
8,428,456
8,133,415
5,249,536
2,876,625
2,675,958
2,259,731
1,712,886
1,493,158
1,184,812

Percentages
17%
13%
13%
8%
5%
4%
4%
3%
2%
2%

2.7.1 Reverse Osmosis (RO):
Each desalination procedure (RO, MFS, ED or CDI), the energy requirements is as
important itself in making decisions for the consumers. Desalination Current water desalination
techniques (i.e., reverse osmosis, electrodialysis, and distillation) are energy-intensive (3–5
kWh/m3 for reverse osmosis) and some use membranes operated at membrane pressure as high as
70 kPa25. With RO technology,27 Loeb and Sourirajan transformed membrane separation from a
laboratory to an industrial process and made it a practical method of desalting water.
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2.7.2 Thermal Distillation:
The table below shows application, advantage and disadvantages of solar technology.
Table 2.2: Desalination through thermal distillation application27
Renewable
Energy
Resource
Thermal
Distillation

Application

Advantages

Disadvantages

1) Solar still: Direct conversion
of saline to potable water.

1) Simple process. Inexpensive material
of construction can be utilized
(Qiblawey and Banat, 2008).
2) Beneficial use of desalination brine
(Qiblawey, 2008).

Energy loss in the
form of latent heat of
condensation
(Mathioulakis et al.,
2007).
2) Large land area
requirement
(Kalagirou, 2005).
3) Capital cost
intensive. Output is
intermittent (Trieb et al.,
2009).
4) Large land area
requirement.
Capital cost intensive.
Output is intermittent
(Kalagirou, 2005).

2) Solar pond: Utilization of
salinity gradient to store
heat and produce steam
for electricity generation.
3) Concentrated solar power:
Hot fluid used in turbine
generator for producing
electricity.
4) Photovoltaic cell:
Conversion
of sunlight directly into
electricity to power

3) Same equipment used in conventional
power plants can be used for
concentrated solar power
plants (DOE, 2010).
4) Hybrid designs with other (wind)
renewable energy sources are easily
achievable. Well suited for desalination
plants requiring
electrical power (Eltawil et al., 2009).

1)

RO desalination.

2.7.3 Microbial Electrolysis Cell (MEC):
MEC’s oxidize organic matters electrochemically using microbial biofilms in the anodic
section to yield protons and electrons which are subsequently applied in a reduction reaction to
generate value-added products such as hydrogen gas and methane. Electrogenic biofilm on the
anode acts as a biocatalyst to control the anodic reaction. Electrons are given by the anodic biofilm
to the anode get the cathode via an external electrical circuit where they decrease water and proton
to generate OH− and H2 that cathode distribute them compartment. An externally supplied voltage
is necessary due to the two redox reactions are thermodynamically undesirable. Table 2.3 shows
some reported value-added products from MECs including H2, CH4 and H2O2.
Table 2.3: MECs with different bioproducts28
Product

Power Supply

Recovery Rate (L/L.day)

Energy Efficiency (%)

H2

1.06V

0.3

-

0.5V

0.02

169

0.6V

0.53

204

Anode Poised at +0.5V

0.018

57

0.8V

0.17-0.75

240-84

0.9V

0.12

67

Anode Poised at 0.0V

0.53

70

0.5V

1.25 ± 0.13

83.1 ± 4.8

CH4

H2O2
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Typical in any fuel cell, electron donors and acceptors can be viewed in the Fig. 2.6
below. The reactions at the electrode can be either mediated or mediatorless. Some common
biological mediators are phenazine and flavin. The mediator act as an electron shuttle between the
electrode and biocatalyst.

Fig. 2.6: Schematic of a bioelectrochemical fuel cell (BFC).29

2.7.4 Capacitive Deionization:
Capacitive Deionization (CDI) is an electrochemical process that operates by
adsorbing ions in the double layer formed at the electrodes by the application of a potential
difference.30 A solution of ions flows through a pair of electrodes and anions (or other
negatively charged species) are retained at the anode (positive electrode) while the cations (or
positively charged species) are separated from solution at the cathode. Ideally, no redox
process occurs, and therefore the process is reversible and the electrochemical response is
purely capacitive without any faradaic contribution. Similar to RO technology, a similar breakthrough in the CDI process31 is possible as new materials and electrode configurations can be
compacted and commercialized.
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Fig. 2.7 Capacitive deionization showing the removal of charged ions
or species by two charged electrodes.30,31
2.7.5 Ion concentration polarization:
Ion concentration polarization is a simple carrier mechanism that occurs when an ionic
current is gone through an ion-selective membrane. However, today no membrane is utilized in
the newly improved procedure for this technology.
In the similar way, Ion concentration polarization and capacitive deionization technologies
needs more research to increase feed water restoration to the spot that makes this process
possible in the economical way. Ion concentration polarization has been utilized to desalinate
seawater using an energy-efficient process. In this procedure, micro- and nanofluidics with the
help of ion concentration polarization are applied to desalinate seawater. This process
consumes less energy than RO for brackish water due to low-pressure application requirement.
Table 2.4: Comparison of innovative desalination technologies with reverse osmosis.27
Technology

Principle

Energy Consumption

Advantages

Drawbacks

Forward osmosis

Utilizes natural osmosis to
dilute seawater feed
stream using a draw
solution with higher
osmotic pressure than
the seawater feed.

0.25-0.84 kWh/m3
(Cath et al., 2006; McGinnis
and Elimelech, 2007)

Lower energy consumption
than RO (McGinnis and
Elimelech, 2007). Lower
fouling potential than
RO due to absence of
transmembrane pressure
(Mi and Elimelech, 2010).

More applicable than
RO only when waste
heat source is
available (McGinnis
and Elimelech, 2007).
Full-scale operation
data is not available.

Ion concentration
Polarization

Nanofluidics in
combination with
ion concentration
polarization utilized
to desalinate seawater.

3.5 kWh/m3 (Kim et
al., 2010).

Lower energy consumption
than RO. Absence of
membranes and applied
pressure (Kim et al., 2010).

Process suited for
small and medium
scale systems. Full-scale
operational
data is not available.

Capacitive
Deionization

Ions electrosorbed
by polarization of
electrode (carbon aerogels)
by a direct current
power source.

1.37-1.67 kWh/m3
(brackish water)
(Welgemoed, 2005).
Energy consumption
of seawater is not known.

Lower energy consumption
than RO for brackish
water treatment (Oren,
2010).
Absence of membrane
and applied pressure.

Low feed water
recovery (Oren, 2010).
Full-scale operational
data not available.
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2.7.6 Clathrate Hydrates:
Clathrate hydrates are crystalline inclusion compounds of water (majority species-water
molecules) and a guest molecule (minority species-gas molecules) that form spontaneously
at conditions of temperature and pressure particular to each guest molecule. Hydrogen
bonding is the primary mechanism of interaction between the water-water molecules; while
van der Waals forces are responsible for the stabilization of the guest molecules. After
occupation of a sufficient number of cages, a thermodynamically stable crystalline unit cell
structure is formed.27 The clathrate hydrates is advantageous because it has high rejection
of salt and operates at low pressure with recovery range up to 100%. In comparison to RO
process, energy consumption is significantly lower due to absence of feed pressure
requirements. However, this process is only evaluated in the batch regime and more work
is needed for its practical use.
2.7.7 Microbial Desalination Cell (MDC)32-67:
Microbial desalination cell (MDC) is a newly developed technology. Ocean water
desalination is the primary target; however, wastewater treatment and electricity generation are
among the benefits.
MDC consists of three compartments: desalination cell and anode and cathode
compartments on both sides. The dividing walls are membranes for exchanging ions, also
known as cation and anion exchange membranes. The microbes are normally placed at anode
for their electrochemical activity and production of current. MDC types32-37 vary and has
progress over the past decade such as air cathodic MDC (reference) , stacked MDC, upflow
MDC, resins packed MDC and so on. R-MDCs are capable of achieving 99% desalination
efficiency. MDC has some bottlenecks to the operation that must always be monitored and
controlled as necessary for instance biofouling of membranes. According to two studies,38
fouling of the membrane can limit chemical diffusivities through it. This can reduce proton
transport or charge transfer, as well as oxygen or substrate diffusion between the chambers.
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2.7.8

MDC General Electrochemistry

2.7.8.1 General Electrochemistry of MDC:
The following are the half-cell equations for the general scheme of MDC.39 The
equations below is an example of redox reactions with glucose and ferricyanide.
Anode: (CH2O)n + nH2O → nCO2 + 4ne− + 4nH+

(2-8)

Cathode: nO2 + 4ne- +4nH+ → 2nH2O

(2-9)

Anode: Glucose: (CH2O)6 + 6H2O → 6CO2 + 24e- + 24H+ ; E°C = 0.430 V vs. SHE (2-10)
Cathode: Fe(CN)

-3
6

-

+ 1e  Fe(CN)

-4
6

; E° = -0.361 V vs. SHE
C

(2-11)

Overall:
24Fe(CN)6-3 + (CH2O)6 + 6H2O  6CO2 + 24Fe(CN)6-4 + 24H+ ; E°Cell = 0.791 V

(2-12)

Fig. 2.8: Schematic graph of Microbial Desalination Cell (MDC) 39
2.7.8.2 Biofilm Development:
A biofilm is correlated with MFC, which is the accumulation of bacteria in a microbial
community with layers of complex micro-colonies. Methods of studying biofilm formation
include microbiological, physical, chemical, and microscopic methods. According to Logan
et. al (2019),40 bacterial biofilms have long been known to facilitate oxygen reduction on
metals and in a seawater fuel cell biofilms on a carbon cathode improved power generation
using a sacrificial magnesium alloy anode. In general, the growth of biofilms is a slow
process. The stages of development are illustrated in one study below:
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Fig. 2.9: Stages of biofilm formation on a surface34
2.7.7.3 Different MDC Configurations:
According to two prominent MDC review papers, 31,32 there are various microbial
desalination cell (MDC) configurations. Each with its own parameters and advantages
dependent on the application and water salinity (seawater, brackish, etc…).
i.

Air cathode microbial desalination cell.

ii.

Bio-cathode microbial desalination cell.

iii.

Stack structure microbial desalination cell.

iv.

Recirculation microbial desalination cell.

v.

MEC and chemical-production cell.

vi.

Capacitive microbial desalination cell.

vii.

Upflow microbial desalination cell.

viii.

Osmotic microbial desalination cell.

ix.

Bipolar membrane microbial desalination cell.

x.

Decoupled microbial desalination cell.

xi.

Separator coupled stacked circulation microbial desalination cell.

xii.

Ion-exchange resin coupled microbial desalination cell.

The versatile technology of MDC36 is improving and the number of publications has
increased to around 62 as of 2015 and cited ~1250 times as shown in Fig. 2.10
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Fig. 2.10: The number of published articles on MDCs; The data are based on the number of
articles searched using the keyword “microbial desalination cell” in the Scopus database41

2.7.7.4

Current Production by Exoelectrogenic Microorganisms

Habermann and Pommer first researched the wastewater based MFCs in 1991. Logan et
al., have done considerable work on the electricity generation from wastewater
40

microorganisms. The exoelectrogensis is the ability of microorganisms to transfer electrons
outside the cell. A common list of pure and mixed culture shows the current

production abilities of these exoelectrogenic microorganisms, including Geobacter
sulfurreducens41-43 and Shewanella putrefaciens44 with a highest power density of 3,900 mW/m2
and 4,400 mW/m2, respectively.

Fig. 2.11: Current production by exoelectrogenic microorganisms. Power densities for pure and
mixed cultures of microorganisms on the anode.40
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2.7.7.5 Geobacter sulfurreducens45-47:
Geobacter is a genus of proteobacteria. Geobacter are anaerobic respiration bacterial
species, which have capabilities that may make them useful in bioremediation. Geobacter was
the first organism found to have the ability to oxidize organic compounds and metals, including
iron, radioactive metals and petroleum compounds into environmentally benign carbon
dioxide while using iron oxide or other compounds as electron acceptor.
In order to improve the 3-compartment setup to increase water desalination efficiency, the cells are
stacked together and stacked microbial desalination cells (SMDC)48-50 were created. This configuration
helps increase the total desalination rates (TDRs) and highest charge transfer efficiency (CTE). The
stacking needs to be tested for optimized stacking amount, since the highest cell stacking doesn’t
automatically translate to highest TDR and CTE. The optimization of a stacked MDC can decrease the
capital and energy cost and produce the good desalination capacity.
One of the first 3-chambered MDC studies, used sodium acetate as substrate at the anode in lieu of
wastewater from industrial disposal. This proof-of-concept small-scale laboratory reactor has achieved
up to 90% salt removal at 9:1:9 volumes ratios for anode: salty water: cathode configuration.
Some MDC systems can achieve additional benefits such as byproducts such as hydrogen or
methane. For instance, Electrolysis in the MEDC49 can produce hydrogen as well as desalination of salt.
The hydrogen energy can be used as energy in running the MEDC. Through constant application of
voltage in the MEDC, the process can be controlled better than MDC. The production of 100%
hydrogen gas can only be achieved with 2- or 3-compartment cells, else methane production occurs.
The salinity removal and electricity generation data of O3-MDC51,52 were compared with those
achieved through O2-MDCs. Results showed faster desalination was occurred under higher current
generation. In addition, the OsMDC produced poor density 11 times higher than the O2-MDC.
The use of resins in a MDC reduces ohmic resistance and improves performance according to one
study. Few experiments involved this novel yet complex MDC type, also known as stacked microbial
electro-deionization cell (SMEDIC). Typical to observe different total desalination rates (TDRs) with
type of water salinity (i.e. Brackish, Seawater, brine or fresh water) due to reduction in membrane
resistances.
MDC performance is dependent on a number of measurements including salinity removal, current
and coulombic efficiencies, COD removal, effects of electrolyte pH, salinity effects on exoelectrogenic
activity and cathode chamber’s reactions (O2 reduction vs. H2 gas evolution).53
The integration of MDCs into a wastewater treatment plant will present greater challenges for
biofouling, but these may be offset by helping to improve wastewater treatment efficiency or reduce the
overall cost of the combined wastewater-water treatment plant. Stacked chambers are not a feature of a
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single type of MDCs (types such as air, biocathode, etc… ), but are explored based on interest in the
industry or objective of the work. Many studies uses 5-stack to achieve the necessary objective;
however, stacks of 10 – 15 chambers were observed in various experiments. Graphite fiber brush11 is a
typical electrode choice in MDC as allows for strong bacterial communities (biofilms). The substrate
loading varies and are characterized by their COD and TDS concentration, pH, color and sulfates
(g/L).48-50
The bioelectricity generated varies from different substrates (dewatered, synthetic or nonsynthetic). Simultaneous removal of multiple pollutants observed during MFC operation might be
attributed to one or all of the unit operations of wastewater treatment viz., biological treatment
(anaerobic), electrolytic dissociation and electrochemical oxidation. Integrated MDC-FO systems show
more desalination and COD improvements than stand-alone ones. This MDC-FO integration holds great
promise to either treat brackish water, or serve as pre-desalination of high-salinity water, with
simultaneous wastewater treatment. MDC pre-desalination systems are placed in front of reverse
osmosis in wastewater plants.
Biocathode MDC are efficient technologies for treating brackish and seawater, because the
electroactive bacteria in the biofilm formed on the cathode as catalysts can promote a reductiveoxidative reaction on the cathode. High TDR and salt removal rate (approximately 92%) was achieved
for biocathode MDC, where sodium acetate in nutrient phosphate buffer solution was used. Microbial
capacitive desalination cell (MCDC) efficiency is 7 to 25 times higher than traditional capacitive
deionization processes. MCDC does not contaminate the anode or cathode chambers and has
demonstrated its feasibility as a new process for concurrent power production and saltwater
desalination.
In MDC, Electron transfer between microbes and electrodes rely on two mechanisms, namely direct
electron transfer (DET) and mediated electron transfer (MET). 18 In DET mechanisms, some microbes
purposefully develop a network of pili to facilitate electron donation to an anode or electron acceptance
from a biocathode in MFC operations. After all, allowing the electron flow enables respiratory
metabolism that benefits the biofilms bio-energetically. However, In MET, direct contact between the
bacterial cell membrane and the electrode surface is not required. An electron-mediator is a molecule
that functions as an electron shuttle between microbes and an electrode.
In addition to MDC operational limitations from membrane biofouling and scale-up, desalination
efficiency is influenced by microbial oxidation and system internal resistance. The impact of internal
resistance on MDC efficiency can be understood by investigating the mechanism of ions transfer and
membrane properties. Especially, the investigation of internal resistance behavior will be more essential
in treating real wastewater with complex compounds. Whereas, the microbial oxidation can be
monitored in two ways. First, the anolyte as wastewater that acts as sole driver for desalination can be
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properly monitored to achieve maximum energy. Secondly, different effective routes for ions transfer
can be investigated to prevent possible pH imbalance and electrolytes contamination.
In addition, biocathodes56 can be classified as aerobic and anaerobic biocathodes, depending on the
terminal electron acceptors adopted in the cathode. Biocathodes may improve MFC sustainability,
because problems with sulfur poisoning of platinum or consumption and replenishment of electron
mediator will be eliminated.
The emergence of MDCs enables the use of the internal electric field of a BES57 to drive salt ion
transport, and researchers have since attempted the directional transport of other charged ions in
solution to remove pollutants, recover resources, and produce valuable substances. The main nitrogen
species in wastewater include ionic ammonium and phosphorus is mainly present in the form of
orthophosphate. Depending on the characteristics of the charge, the internal electric field of a BES can
be used to drive directional ion transport. Therefore, the ions can be removed from water containing
low levels of nutrients, and the solution with a higher concentration of nutrients is subsequently
recovered. Because it takes advantage of ion transport in the electrical field, the BES can enable
simultaneous, directionally driven nitrogen and phosphorus removal, which is difficult to achieve in
conventional water treatment processes.
In one study, the connection of MFCs in series would not allow high current densities; however it was 6
times higher compared to current production of parallel connection. It demonstrates the use of stacked
MFCs (both in series and parallel) to produce high power densities at enhanced voltages or currents.
Immobilization of bacteria has increased reaction rates and longevity of biocatalysts. A requirement
of any polymer used for entrapping cells near an electrode was adhesion, and preliminary screening
revealed that low methyl-ester pectin preparations bound well to graphite paper electrodes. This study
shows that active Geobacter coatings could be prepared and immediately monitored for electrical
interaction with electrode surfaces, using electrochemical analysis. In comparison, growth of naturallyattached films required longer periods of adaptation. Based on these observations, future work to reduce
the thickness and increase the strength of cell-polymer coatings may improve electrical output, tolerate
high rates of fluid flow, and provide a mechanism for fabrication of biocatalyst-functionalized electrode
surfaces.
G. sulfurreducens can effectively transfer electrons to gold anodes expands the range of materials
that can be effectively employed for microbe-electrode electron transfer reactions. Further studies to
understand the mechanisms for this electron transfer to gold are warranted.60
This Mini review summarizes recent insights into migrative and diffusive transfer processes across
a separator, and explains their effect on the performance of bio-electrochemical devices. Subsequently,
different approaches to overcome this conflict of selectivity versus mobility are discussed.33
The experiments with Pseudomonas aeruginosa (ATCC 27853) showed that this strain, a PYO
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producer, can produce this pigment in the MFC growth conditions. The Nafion® membrane loses its
performance in the King broth medium, mainly because of the presence of a high concentration of
sodium and potassium ions and neutral pH, causing a decrease in the current output. The use of the pure
culture of P.aeruginosa (ATCC 27853) showed a small amount of current output in the prepared PEM
MFC. The results suggest that it is possible to harvest electricity from a synthetic culture medium, but
other studies are still needed with different microorganisms, PEM or even glycerol culture media in
MFCs to consume raw glycerol from the biodiesel industry with concomitant power production.38
The 8-month MDC operation indicates that membrane fouling is one primary reason causing
performance decline. The current density decreased by 47% and desalination rate declined by 27%.
The Columbic efficiency decreased by 46%, although organic removal maintained stable. All
analyses including EIS, ESEM, and EDS confirmed a biofouling layer on the AEM, which inhibited
ion transfer and increased system resistance. Proteobacteria spp. was dominant on the anode and
AEM, and a less diverse microbial community was found in later stage of operation. Further research
is needed to reduce membrane fouling such as through cleaning or antibiotic coating.41
MEDCs can be used to both desalinate water as well as produce hydrogen gas. The extent of
desalination could possibly be further improved by varying the voltage added to the system, particularly
at the end of the cycle when the anode potential becomes more positive and the desalination chamber
conductivity is low. Examination of variable voltages and the development of continuous flow systems
are needed to advance these new microbial desalination technologies.43 Microbial desalination cell
(MDC) is an upcoming technology, which can minimize power consumption and recover increased
desalinated water when installed as a pre-desalination unit. MDCs produce their own electricity while
treating wastewater and desalinating water simultaneously by exposing the organic matter in waste
water to exoelectrogenic bacteria.
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2.7.8

PHOTOSYNTHETIC MICROBIAL DESALINATION CELL (PMDC)77-93
PMDC is complicated in comparison with MDC, but it is more beneficial than MFC,
having more effective COD removal, and creating more electricity. The microalgae can be
electrogenic microbes and have two central transfer mechanisms: DET (Direct Electron
Transfer) and MET (Mediated Electron Transfer).

2.7.8.1 General Electrochemistry of PMDC77-78:
The following are the half-cell equations for the general scheme of PMDC. The
equations below is an example of redox reactions with glucose and algae.
Anode: (CH2O)n +nH2O→nCO2+ 4ne− +4nH+

(2-13)

Cathode: nO2 + 4ne-+4nH+ →2nH2O

(2-14)

Overall: 6CO2 +12e-+ 12H+ →Algae/light → -C6H12O6-(biomass) + 3O2;

(2-15)

Glucose: (CH2O)6 +6H2O→6CO2+ 24e- + 24H+; E°C = 0.430 V vs. SHE

(2-16)

Oxygen: 6O2 +24e-+ 24H+ →12H2O; E°A = -1.229V vs. SHE

(2-17)

Overall: 6O2 + (CH2O)6 + → 6H2O + 6CO2 ; E°A = 1.660V vs. SHE

(2-18)

Fig. 2.12: Photosynthetic Microbial Desalination Cell (PMDC)78 - 80
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For culturing microalgae, many chemical compounds are typically used in the cathode
or anode. Vulgaris culture media used in the cathode is listed in one study. Biocathode
reactions vary, and different species are researched both in cathode and anode chambers such
as E.Coli or Shewanella oneidensis DSP10. Microalgae use light and electron transfers in
the biocathode in a three-chambered fuel cell. Another property usually compared is optical
density (with a wavelength between 680 – 750 nm). One study, has reported higher optical
density for low NaCl concentration than high NaCl microbial desalination cell (MDC).
2.7.8.2 Biocathode with Microalgae87
Through careful reverse engineering of naturally occurring carbon cycles, algae-based
microbial fuel cells (MFCs) can be improved with satisfying results. Photosynthetic bacteria
like benthic heterotrophs degrade organic material into CO2 and H2O. In addition, algae change
CO2 into organic element and O2. Regarding engineering area, a net positive energy cycle can
be increased rely on algae and bacteria. Furthermore, algae plays a fundamental role in
nitrogen and phosphorus cycles. Through clever manipulation of key parameters and
implementation of MXC technology, algae can be used to produce energy while
simultaneously treating natural water bodies. This can help in the area of water treatment in
order to apply MFCs with low-level energy as a necessary input. More stability of the
procedure can be gained through integration of the anode chamber effluent. The effluent
can be used as an effective growth medium for the algae. There is a plethora of benefits that
result from this integration. First, the effluent can easily transform into organic matter while
providing nitrates, ammonia nitrogen, and phosphorus for enhanced cell generation and
growth. After that, the distribution of oxygen from the algae prepares a acceptable and
consistent electron acceptor. Moreover, by making a continuous flow system the durability of
pH in the fuel cell chambers enhances. Ultimately, the created algae biomass created a high
value byproduct. Algae has the advantage of playing many roles in biological electrochemical
systems. As expressed before, algae generate O2, which can serve as an electron acceptor at the
cathode of the cell. The algae can also play role as two factors at the anode: an electron donor
and a converter of organic matter. It should be mentioned that in order to convert to organic
material at the anode section we should use heterotrophic algae, and photosynthetic algae is
needed at the cathode to properly serve its’ purpose.
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2.7.8.3 Different PMDC78 Anode/Cathode Chamber Options:
The table below illustrates the power density, open-circuit voltage (OCV), current
efficiency and COD removal for variety of microalgae in the cathode section. Chlorella
Vulgaris seems to be the most generally used.
Table 2.5: Algae use for COD removal in PMDC78

2.7.8.4 Chlorella vulgaris94-100:
Chlorella vulgaris is a green microalgae mainly used as a medical treatment in
Japan. It thought to have potential for biofuel production or food additive. Chorella
vulgaris spherical unicellular eukaryotic green algae that presents a thick cell wall (100–
200 nm) as its main characteristic. This cell wall provides mechanical and chemical
protection, and its relation to heavy metals resistance is reported, which explains why C.
vulgaris is one of the most used microorganisms for waste treatment.
Early researches illustrates Chlorella vulgaris photosynthetic microalgae as an
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effective cathodic medium. Although, because of the inhibitory impacts of high carbon
dioxide concentrations, Chlorella autotrophica has been indicated to be an useful alternative
because of high carbon dioxide tolerance and sufficient photosynthesis. As indicated by
Welasquez et al., dry substrate samples of Chlorella vulgaris and Ulva lactuca had energy
recovery of 2.5 kWh/kg and 2.0 kWh/kg respectively. Moreover, examinations illustrated a
maximum power density of 0.98 W/m2 through all trials.
Photosynthetic bacteria like benthic heterotrophs degrade organic material into CO2 and H2O. In
addition, algae change CO2 into organic element and O2. Consequently, a net positive energy cycle can
be increased rely on algae and bacteria. Algae plays a fundamental role in nitrogen and phosphorus
cycles. Through clever manipulation of key parameters and implementation of MXC technology, algae
can be used to produce energy, while simultaneously treating natural water bodies. Ultimately, the
created algae biomass creates a high value byproduct, which can be food engineered for human
consumption. Many systems of microbial desalination cells (MDCs) not only remove salt, but also
generate electricity, which is often referred to as “bioelectricity”. The benefit of incorporating
microalgae is the energy savings realized from the photosynthesis of range of strains available. PMDCs,
microbial systems using algae, are highly dependent on the formation of enact biofilms on electrode
materials.1 Carbon cloth, carbon paper and graphite are most common and generate success with
attachments of living cells. In a proof-of-concept work, PMDC had shown much higher current
production than MDC (air Cathode type). Their work has encouraged more work in the field, since
cathode driven processes are advantageous in producing algal biomass, which add to their
environmental sustainability. There are many limitations for optimum operation including, membrane
fouling, effect of light as well as wastewater organic concentration.3 Natural light/dark cycles are
preferred in PMDC regardless of concentration of organic compounds in wastewater obtained. In
additional to environmental friendliness of PMDC systems, they are capable or removing nutrients for
nutrients-rich wastewater industries such as agricultural and food. The PMDC conceptual designs are
far better for removal of nutrients than conventional energy intensive nutrient removal processes as well
as producing useful biomass byproducts and clean energy. The PMDC design (fed-batch, continuous or
photo bioreactor) of the application different efficiency.
Another configuration of the PMFCs is used for carbon capture using microbes aka MCC, which
employs the ability of the algae such as Chlorella vulgaris to reduce CO2 emissions. The CO2 generated
in the anode is removed by the microalgae, while the soluble inorganic carbon is transformed into algal
biomass. The microalgae in the cathode chamber can utilize CO2 from the anode as carbon source for
photosynthesis and produce oxygen, which is electron acceptor for electricity generation. Further, CO2
in exhausted gas from different industries can achieve simultaneous electricity generation, biomass
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production, CO2 sequestration and wastewater treatment.
The high concentration of N and P in most wastewaters means these wastewaters may possibly be
used as cheap nutrient sources for algal biomass production such as methane production, composting,
production of liquid fuels ((pseudo-vegetable fuels), as animal feed/aquaculture and production of fine
chemicals.
The electrochemical characteristics of the generated biofilms are typically analyzed by
electrochemical impedance spectroscopy (EIS) which measures the electrical resistance (impedance) of
the metal/solution interface over a wide range of frequencies e.g. 10 kHz to 0.005 Hz. In addition,
biofilm are subjected to the LIVE/DEAD BacLight bacterial viability test. Specimen were visualized
and z-stacks using a confocal laser-scanning microscope.In addition to substrate (medium) used with
the microbes, trace metals are used. Other electron donors examples normally used are acetate,
propionate, butyrate, glycerol, lactate and formate. Biofilm characteristic are examined using scanning
electron microscopy (SEM) techniques for surface morphology. Development of biofilm of algal
cathode from abiotic to biotic is shown according to one study.
Biocathode studies are essential for optimization of micro algal effectiveness in PMDC; yet, other
work focuses on bioanode properties such as the acceleration of biofilm formation, enrich
exoelectrogens and improve the extracellular electron transfer (EET) through the help of visible light.
Most biocathode PMDC are compared in terms of their electricity biogeneration (current and power
density) to MDC air cathodes. There are four mechanisms in bioelectrochemical systems: (a) Microbial
fuel cell in which an anoderespiring bacterium produces current using electrons from a sacrificial,
organic carbon source. (b) Electrosynthetic cell in which a microbe at the cathode uses electricity to
drive chemical synthesis. (c) Photosynthetic microbial fuel cell in which a chemical electron donor is
provided to an anoxygenic phototroph. (d) Biophotovoltaic system in which an oxygenic phototroph
derived electrons at the anode from water, according to literature.
There are several species studied by researchers in the anode chamber , each with its
specialty (e.g. Shewanella oneidensis MR-1 for removing heavy metals). An alga is generally
characterized on the basis of its size, colour, shape, form or growth habit. Light intensity have a direct
effect on power output in addition to carbon, nitrogen, phosphate fixation in microalgae biomass for
PMDC system. In addition to energy efficient wastewater treatment, microalgae pigmentation was
slightly higher for chlorophyll, but also slightly lower for others (Lutein and β-carotene). Food industry
is especially interested in what PMDC especially for reducing CO2 from emitted bacterial respiration
and metabolism. One study was on fruit juice plant used Chlorella vulgaris was grown on based on
dark/light cycles (12:12 hour periods) had shown production of electricity. The CO2 generated at the
anode is utilized for growing freshwater microalgae at cathode and treatment of waste by the system for
cleaner operation.
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Desalination in a 3-compartment PMDC system is subject to many studies and mass transfer across
AEM and CEM. The higher the concentration of salt, the higher the TDR (Total desalination rate).
The higher salt concentration effect positively biomass production, which is measured by optical
density. Geobacter bacteria able to transfer electrons to conductive surfaces are of interest as catalysts
in microbial fuel cells, as well as in bioprocessing, bioremediation, and corrosion. For achieving higher
rates, immobilization of microbial cells in thin films are crucial and typically achieved from high
porosity, mechanical strength and increasing diffusion. Incorporate Geboacter sulfurredecens in the
anodic biofilm produces higher current (power output) for wastewater treatment. MDC systems for
desalination systems achieve good salt and COD removal, which are both a concern for any industrial
operation. Geboacter sulfurredecens needs direct contact to the electrode surface in order to transfer
electrons to the electrode. According to Qu Y. et al., MFC often produce more electrical power with
mixed cultures than with pure cultures. Anode’s electron donors such as Acetate, Formate and Lactate
in combination with Geboacter sulfurredecens are subject to one study. This research found the
importance of selecting combinations of electron donors that promote the growth and establishment of
Geobacter anode biofilms. Other research by Richter H. et al.,54 relative to graphite, G. sulfurreducens
can effectively transfer electrons to gold anodes expands the range of materials that can be effectively
employed for microbe-electrode electron transfer reactions. Furthermore, the mutant in which the gene
for pilA was deleted did not produce electricity suggests that the pili are essential for electricity
production with gold anodes; whereas, graphite anodes on which the pilA-deficient G. sulfurreducens
mutant produced low levels of current. Geobacter sulfurreducens produces current densities in
microbial fuel cells that are among the highest known for pure cultures. Strains isolates from Geobacter
sulfurreducens shown higher current production than wild strain.
The optimal temperature is determined to be between 30 and 32 °C under batch mode operation;
whereas, the power density is strongly influenced by the Pt loading (from 0.5 to 3.0mg Pt/cm2) on the
cathode electrode. The pili of Geobacter sulfurreducens permit increased stacking of cells on the anode
surface and that there is a corresponding increase in current production. Through genetic engineering
and/or adaptive evolution, opportunities to increase long-range electron transfer to anodes using
Geobacter sulfurreducens is recognized as future research area
Algae in MDC’s illustrates its capacity to generate electricity through numerous references studies
such as reported power density, open-circuit voltage (OCV) and current efficiency. Another application
is COD removal from variety of microalgae in the cathode section. Early researches illustrates Chlorella
vulgaris photosynthetic microalgae as an effective cathodic medium.
In a study on Chlorella vulgaris by Blair, M.F. et al., the effect of light wavelengths and growth
medium composition on the growth using different light wavelengths (blue, clear, green and red).
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Following growth of microalgae, culture condition composition is normally evaluated for its value. In
addition to light illumination required by microalgae to grow in the biocathode of PMDC, nitrogen and
phosphorous are required. Blair, M.F. et al found that positive trend in the growth rates were
contributed to clear and blue light application. In addition, the study showed the growth media
composition of nitrogen and phosphorous can be varied to reduce cost with no effect. Chlorella vulgaris
has a strong potential for microbial carbon capture (MCC) discussed earlier according to the work of
Zhou et al.
The work showed the immobilized C. vulgaris had the potential to simultaneously produce
extended and stable bioelectricity and fulfill wastewater purification in comparison to suspended
microalgae. Chlorella vulgaris is known as one of the fastest growing microalgae and used to produce
biodiesel because this organism contains high fatty acid. Algae can facilitate electricity generation of
the MFC, particularly with the use of a cathode material coated catalyst (such as Pt). The Chlorella
vulgaris electrode in the cathode and its electricity generation potential is a subject of many studies.
Multi-walled carbon nanotudes (MWNT) showed higher power production than graphite felt as an
electrode for cathode according to Wang D. et al., the study also explored the adhesion of algae on the
electrode and improved the overall power output.
According to A.S. Commault et al., the bacterial community should be engineered to promote algae
growth and nutrients uptake at the cathode. Chlorella vulgaris microbial community composition was
identified based on 16S rRNA amplicon sequencing in both anodic (Geobacter sp. dominant) and
cathodic (Pseudomonadales dominant) biofilm. According to H.J. Jeon et al., in a algal culture and
SMFC system, there is synergic interaction between CO2 generated by bacterial activity is consumed by
algal cultivation, and the O2 produced from the algae is consumed by the SMFC cathode for current
generation. The study employs the use of gas chromatography and acid/base titration for concentrations
of gas released and dissolved CO2.
According to Q. Hou et al., for food waste plant, a MFC incorporating C. vulgaris in the cathode
chamber, where oxygen produced by algae could serve as a highly active promotion for treatment and
MFC bioelectricity generation. Another study, explores using algae to take care of kitchen waste, which
is on the rise as world’s human population rises. Kitchen waste (KW) contains large amount of organic
matter that may be troublesome for handing, storage and transportation. Five different algae strains
were studied and techniques for measuring biomass concentration and total lipid content were
illustrated.
Many systems are operated in either batch or continuous regimes, where kinetics of the process are
modelled first. The MFC cell performance with CFBC was higher compared to plain carbon paper
cathode (PCPC) in algae aeration. The MFC cathode potential was significantly enhanced with a shift
of cathode electrode from less surface area PCPC to high surface area carbon fiber brush cathode
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(CFBC).
Microalgae excrete relatively large amounts of algal organic matter (AOM) that may interfere with
flocculation. The influence of AOM on flocculation of Chlorella vulgaris was studied using five
different flocculation methods: aluminum sulfate, chitosan, cationic starch, pH-induced flocculation and
electro-coagulation–flocculation (ECF) . The presence of AOM was found to inhibit flocculation for all
flocculation methods resulting in an increase of dosage demand. AOM present in microalgal cultures
interferes strongly with harvesting of the biomass using flocculation as a pre-concentration technique.

2.8

ELECTROCHEMICAL CELL COMPONENTS
2.8.1 Electrocatalysts:
An electrocatalyst is used to take part in electrochemical reactions. The electrocatalyst assists
in facilitating an intermediate chemical transformation described by an overall half-reaction
and/or transferring electrons between the electrode and reactants,. Electrocatalysts are a specific
form of catalyst that functions at electrode surfaces.
For example, A 4.0mg/cm² Platinum Ruthenium (Pt/Ru) on Carbon Cloth is the common
Gas Diffusion Electrode (GDE) in order to apply to Direct Methanol Fuel Cells (DMFC).
The Platinum Ruthenium (Pt/Ru) catalyst used to boost the methanol reaction to generate
more proficient DMFC. References to additional examples can be found in section 2.10.1.
2.8.2 Anion Exchange Membrane (AEM)
An anion exchange membrane (AEM) is semi-permeable membranes conductive to
anions meanwhile, gases (O2, H2, etc..) cannot pass through them. Anion exchange membranes
are applied in electrolytic cells and fuel cells in order to separate reactants present around the
two electrodes while moving the anions vital for the cell process. AMI-7001S is a single sheet
with Quaternary Ammonium as a functional group with Gel polystyrene cross-linked with
divinylbenzene polymer structure. The Electrical Resistance (Ohm.cm2) 0.5 mol/L NaCl is
less 40, whereas Maximum Current Density (A/m2) is less than 500. Most membranes are
activated through preconditioning prior to use. For instance, the AMI-7001S membrane is
immersed in either the application solution or a 5% NaCl solution for 12 hours to allow for
membrane hydration and expansion.
Due to the inherent lack of efficiency in transporting H+ ions using a CEM, Kim et al.
(2007b) found that pH will have more balanced in the effective way by applying an AEM.
Through pH balance, H+ ion transport could be greatly aided in MFCs. This fact was
experimentally found by monitoring power output in two-chambered MFC tests with the use
of an anion exchange membrane. The manipulated variable in the experiment was the
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membrane used: AMI-7001 as the AEM and Nafion & CMI-7000 as the CEMs. Furthermore,
it was found through concentration analysis that ion transport was occurring in tandem with
effective pH control in the anodic chamber. Although the results are promising, pH
fluctuations in the cathodic chamber were higher by using AEM in comparison with Nafion.
The results were quantified through system current density, the proportionally greater proton
flux required to maintain charge and pH balance.
2.8.3 Cation Exchange Membrane (CEM)
A typical industrial cation exchange membrane (CEM) is Nafion 117. The Nafion 117 index
illustrates a membrane thickness of 0.019 cm. As the membrane was designed to apply in a hydrogen
fuel cell (HFC), it’s process is most effective in stable and conducive area. Moreover, high proton
concentrations are needed; therefore, H2O content and resulting pH must be perfectly checked and
controlled. Regarding to examination, it was realized that the Nafion generates a pH reflective of the
solution properties once saturated. Because of that, Nafion cannot be applied for its intended purpose
in MFCs.
While Nafion was engineered as a proton exchange membrane (PEM), it can effectively carry
other cations like, Na+, K+, NH+, Ca2+ and Mg2+ at concentrations equivalent to 105 times the needed
proton concentration (Rozendal et al. 2006b). The result of this dual ability can extremely be effective
on performance. After substrate degradation, proton production happens at the anode at the same time
being consumed at the cathode. carrying rest of cations starts to influence the performance when the
protons migrate at an inadequate range. This allows for the transport of cations to subsidize the proton
migration to maintain the charge balance between the anodic and cathodic chambers. As a result, pH
decreases at the anode, which affects bacterial respiration and current generation. Simultaneously, the
pH at the cathode can rapidly rise and hinder proton mass transfer. . The problem is possible to revise
by the means of an effectively buffered solution; However, it is necessary to do more experiment to
measure the degree to which this may affect overall power generation. In the theory, O2 reduction at
the cathode causes in an excess in pH. Results indicate that cathode potential may be influenced as a
result. CMI-7000, a CEM manufactured by Membrane International Inc. has been used in a variety of
MFC studies. Many studies exist for which CMI-7000 is used in conjunction with ferricyanide
catholyte ( He et al. 2005; Rabaey et al. 2005b; Rabaey et al. 2003; Rabaey et al. 2005c). This
membrane is significantly thicker than Nafion at 0.046-cm and is thus structurally stronger. There exist
a plethora of other CEMs available for industrial and commercial applications; however, their
performance in MFC applications have yet to be studied.
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2.9 ELECTROCHEMICAL DESALINATION (EDC)
As the electrochemical fuel has 100% efficiency as it’s not restricted by the Carnot efficiency.
Electrochemical desalination can participate by adding a salt compartment between the electrode reactions.
Several fuel cell types and their properties are shown below including the electrode’s reactions, operating
temperatures and electrolyte used.

Table 2.6: List of various types of fuel cells and their properties
Fuel Cell Type
Electrolyte Used
Operating Temperature
Electrode Reactions
Polymer
Electrolyte

Polymer
Membrane

60-140˚C

Anode:
Cathode:

H2 = 2H+ + 2e1/2 O2 + 2H+ + 2e- = H2O

Direct
Methanol

Methanol

30-80˚C

Anode:
Cathode

CH3OH + H2O = CO2 + 6H+ + 6e3/2 O2 + 6H+ + 6e- = 3H2O

Sodium
Borohydride

20 – 80 °C

Anode:
Cathode

NaBH4 + 8OH- = H2O +8H+ + 8e1/2 O2 + 2H+ + 2e- = H2O

Potassium
Hydroxide

150-200˚C

Anode:
Cathode:

H2 + 2 OH- = H2O + 2e1/2 O2 + H2O + 2e- = 2 OH-

Phosphoric
Acid

Phosphoric Acid

180-200˚C

Anode:
Cathode:

H2 = 2H+ + 2e1/2 O2 + 2H+ + 2e- = H2O

Molten
Carbonate

Lithium/Potassium
Carbonate

650˚C

Anode:

Yittria Stablized
Zirconia

1000˚C

Cathode:
Anode:
Cathode:

Direct
Borohydride
Alkaline

Solid Oxide

H2 + CO3 -2 = H2O + CO2 + 2e1/2 O2 + CO2 + 2e- = CO32H2 + O2- = H2O + 2e1/2 O2 + 2e- = O2-

Electrochemical desalination is a procedure that includes eliminating salt of water by moving ions
through ion exchange membranes. Sodium borohydride cell has a very high energy density in
comparison to other fuels as shown in the table below.

Table 2.7: Theoretical energy density and efficiency for liquid fuel cells109
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2.9.1 Sodium Borohydride Fuel Cell102-116

Standard direct borohydride fuel cell (DBFC)102-103 generates high power density. A
DBFC uses O2 or H2O2 as an oxidant. According to De Leon et al.,112 temperature enhances
NaBH4/H2O2 cell’s current and power density, which is indicated in a table related to the full
range of temperatures. At room temperature, the specific current and power cell range is 20 - 30
mA /cm2 and 23 - 96 mW/cm2, individually for DBFC. Temperatures as high as 70 °C and 85 °C
have a direct impact on increasing the current and power density of borohydride fuel cells. Also
the temperature, the concentration of NaBH4, stabilizing reagent concentration and oxidant
conditions also influenced the energy of DBFC.
Electrodes at the anode and cathode for DBFC had been studied for developing the
power of this cell. According to the research, carbon-supported nanocrystalline manganese
oxide (MgO) has exceeded platinum (Pt). The MgO cost is less in comparison with Pt, which is
generally the most common electrocatalyst. Other research was claimed Palladium/Iridium
alloy coated micro-fibrous carbon, where the cathode has indicated promise, Although,
Prussian Blue (PB) or Iron (III) hexacyanoferrate in another work was more promising in
another study.
Five ion exchange membrane separators were examined in laboratory with NaBH4/H2O2
fuel cells and were evaluated by the controlling and witnessing of some electrochemical
parameters solved for the corresponding fuel cells. Researchers concentrate on the chemistry of
binding substance like PVA hydrogel to keep high power/current density, beside, decreasing
charges. Several studies of DBFC concentrated on comparing Nafion® to other membranes
such as gel polystyrene cross-linked with divinylbenzene or other specialized polymer
materials. Although, fuel cells face crossover problem that can be decreased based on the
chemistry of the membrane.
The crossover arises is depending on the increases of pH (alkali crossover from the anode
to cathode), thus increasing the oxidant usage. Ultimately, the concentration cannot be solely
put on the type of substance, because design parameters are important too, such as bipolar plate
materials and flow fields.
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2.9.2 Stability of Sodium Borohydride125, 126
When it comes to Sodium borohydride, NaBH4, suitability for providing hydrogen through
a thermal activation process, it is only stable until about 673K. It decomposes slowly in moist
air or vacuum. Sodium oxide and hydrogen gas are both hazardous products from NaBH4.
Through NaBH4 reaction with water hydrogen will evolve with excessive heat decomposes
it to sodium metaborate. Furthermore, NaBH4 may react slowly or vigorously with acids or
certain transition metal catalysts to liberate hydrogen. NaBH4 is unsuited with oxidizing
agents, H2SO4(aq), Ru and metal salts. It is best to avoid moisture, heat, flame, ignition
sources, air and incompatibles with this compound.
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2.10

FUEL CELL MODELING127,128

Several fuel cell modeling requirements include the following:
1) Power and energy requirements;
2) Environmental operating conditions;
3) Size and volume limitations; &
4) Safety specifications.
For modeling, general solution of conservation equations for mass, momentum, energy,
species, and current transport can be utilized for physical phenomena occurring within
a polymer electrolyte membrane (PEM) fuel cell.
Some key important fuel cell properties that be simulated are:
•

Multispecies diffusion (Stefan–Maxwell);

•

Electrical current and consumption of reactants in an electrochemical reaction
relationship (Faraday's Law);

•

Fluid flow in conduits and porous media (Darcy's equation);

•

Diffusion (Fick's Law);

•

Relationship between electrical current and potential (Butler–Volmer equation); &

•

Electrical current conduction (Ohm's Law ).

Several example and their references are as follows:
1. A computational model for biofilm-based microbial fuel cells. (Picioreanu, C. et al, 2007).
2. Model based evaluation of the effect of pH and electrode geometry on microbial fuel cell
performance. (Picioreanu, C. et al, 2010).
3. Butler–Volmer–Monod model for describing bio-anode polarization curves. (Hamelers,
H.V.M. et al, 2010).
4. A two-population bio-electrochemical model of a microbial fuel cell. (Pinto, R.P., S 2010).
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COMPARISON OF MAIN DESALINATION PROCESSES AND PMDC77

2.11

In one study, desalination processes are compared taking into account energy
consumption, environmental impact and energy gain potential. The best process is
PMDC as it doesn’t require energy, produces energy at net zero environmental impact.
Table 2.8: Environmental processes, energy requirements, energy gain potentials77
Process
Water
Treatment
Wastewater
Treatment

Desalination

PMDCs

2.12

Science: Principle
of Operation

Energy
Consumption
(kW h m-3)

Chemical addition
and physical
separation
Biochemical
reactions and
physical
separation
Thermal
evaporation or
membrane
separation
Bio-electrochemical
reactions with
ionic transport

Environmental
Impact
(kg CO2 m-3)

Energy Gain
Potential
(kW h m-3)

0.14–0.36

0.13–0.35

0

0.5–1

0.48–0.96

0.09-0.14

2.5–15

2.4-14.4

0

0

0

4.21

CATHODIC MICROBIAL DESALINATION CELL USING FE OXIDATION117-124
Over the past few decades the various genus of Leptospirillum has significantly become
attractive as substitute iron oxidizers. It has an innate affinity to attach to the sites of activated
carbon’s surface imperfections and consequently, enhanced immobilization leads to increased iron
oxidation. Moreover, they bear lower pH, higher redox potential of the medium and higher cultivation
temperature. Without a doubt these traits make the Leptospirillum species a particular candidate for
the development of new technologies based on the biological ferrous iron oxidation process.118
The reason of importance of biological oxidation of ferrous ions by this bacterium is
development of acid mine drainage treatment, bioleaching of metal, and elimination of hydrogen
sulfide from sour gas. The immobilization bioreactor was based on the immobilized soil bioreactor
explained by Karamanev et al. (1997).

2.13 CURRENT RESEARCH APPROACH:
This research project will contribute towards solving the road salt problem and its impact on the
environment, especially in Southwestern Ontario, Canada. Desalination technology using both
electrochemical and microbial fuel cells, not only reduces the amount of future usage and harm to the
environment, but also can be implemented with little to none energy input. This technology may be
commercialized following optimization of bench-scale prototype and pilot setups.
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2.14 CONCLUSION:
Road salt is recognized as an environmental and economic problem due to increased
urbanization from many studies in the past 50 – 75 years. The main objective of this research
is to explore road salt desalination through various desalination cell technologies. Although a
chemical solution through electrochemical desalination cell produces quick results, it may be
more energy intensive and requires additional step to produce net waste results. Biochemical
alternatives such as MDC and PMDC are novel; however, this developing technology is too
far from being commercialized for onsite use. This research addresses some novel alternatives.
It helps in saving energy as well as improve salt regeneration in the environment.
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Chapter 3
Investigation of NaBH4/H2O2 Electrochemical
Desalination Cell Operating in the Batch Regime
3.1 INTRODUCTION
Millions of tons of road salt are spread onto walkways, highways and roads for safe transportation every
year.1,2 As a result, the salt trickles into fresh lakes, groundwater roadside soil [5], trees and local waterways
negatively affecting biotas.3,4 Furthermore, the road salt trickling down the ground corrodes steel support
structures of buildings, roads and bridges leading towards further infrastructure costs. Particularly due to
environmental concerns, cities have started reporting and monitoring programs (Fig. A1 and Fig. A2) to
evaluate and continuously measure the effect salt causes on the environment. In several reports,6,7 Canadian
provinces and U.S. states alike approach road salt monitoring, reduction, controlling and managing differently
as increased urbanization continues.
Typical concentrations of dissolved salts are classified into two categories: seawater and brackish water.
The most widely used desalination technologies are based on either membrane or thermal separation.8 Reverse
osmosis (RO) and electrodialysis fall under the first group of technologies; whereas, multistage flash distillation
(MSF), multi-effect distillation and mechanical vapor compression fall under the latter. Worldwide desalination
technologies utilized inside the majority of plants are RO and MSF methods.
Electrochemical desalination is a process that involves removing salt from water by transporting ions
through ion exchange membranes.
Electrochemical processes possess the ability to energy-efficient when it comes to desalination.
Capacitive and Faradaic electrochemical desalination approaches are applicable for desalinating brackish water
(0.5−10 ppt TDS) and higher salinity waters, respectively.9
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Owing to excellent ionic conductivity and good safety, aqueous rechargeable batteries are becoming a
promising type of batteries in the field of electrochemical energy storage devices. The various classes of
aqueous rechargeable batteries such as alkali-ion batteries, zinc ion batteries, Co or Ni metal batteries, and
multiple valence ion batteries have been widely investigated.10
Standard direct borohydride fuel cell (DBFC) 11 produces high power density from the same redox reactions
used in the 3-compartment setup. A DBFC utilizes oxygen or hydrogen peroxide as an oxidant. According to
De Leon et al.12, temperature increases NaBH4/H2O2 cell’s current and power density, which is illustrated in a
table representing the full range of temperatures.13 At ambient temperature, the specific current and power cell
range is 20 - 30 mA /cm2 and 23-96 mW/cm2, respectively for DBFC. Temperatures as high as 70 °C and 85 °C
have a direct impact on increasing the current and power density of borohydride fuel cells.14 In addition to
temperature, the concentration of NaBH4, stabilizing reagent concentration and oxidant conditions also affect
the energy of DBFC.15
Electrodes at the anode and cathode for DBFC had been studied for improving the power of this cell.
According to one study, carbon-supported nanocrystalline manganese oxide (MgO) has exceeded platinum
(Pt)16. The MgO cost is much lower than Pt, which is usually the most popular electrocatalyst. Another
investigation was performed using Palladium/Iridium (Pd/Ir) alloy coated micro-fibrous carbon17 where the
cathode has shown promise, however, Prussian Blue (PB) or Iron (III) hexacyanoferrate in another work was
more promising in another study.18
For measuring the performance of the fuel cell with only fuel and oxidant, a two-compartment fuel cell is
normally assembled and usually focused on membrane optimization.19 In another study, five ion exchange
membrane separators were investigated in laboratory with NaBH4/H2O2 fuel cells and were compared by the
observation and analysis of several electrochemical parameters calculated for the corresponding fuel cells [20].
Researchers focused also on the chemistry of binding material such as PVA hydrogel21 to maintain high
power/current density as well as reduced cost.
Different researches of DBFC focused on comparing Nafion® to other membranes such as gel polystyrene
cross-linked with divinylbenzene or other specialized polymer materials.22 However, fuel cells face crossover
issues that can be reduced based on the chemistry of the membrane. 23 The crossover arises from increased pH
(alkali crossover from the anode to cathode), thus increasing the oxidant utilization. Lastly, the focus cannot be
solely put on the type of material, since there is also an emphasis on design parameters, such as bipolar plate
materials and flow fields.24
The electrochemical desalination cell proposed in this work consisting of NaBH4 and H2O2 half cells was
investigated to reduce road salt concentration. In this study, the performance of a 3-compartment EDC was
examined in the batch regime using NaBH4 and H2O2 as a fuel and oxidant, respectively. A road salt solution
was introduced between the anodic and cathodic chambers, separated by membranes. Different temperatures
were also studied. Several salts (NaCl, KCl, MgCl2 and CaCl2) were studied in the desalination process.
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3.2 MATERIALS AND METHODS:
3.2.1 Materials
The chemicals were purchased from different vendors. The NaBH4 (99 wt.%), NaOH
(97 wt.%), H2O2 (30 vol.%), and H2SO4 (98.08 wt.%) were procured from Caledon Laboratories Ltd and
used for the anolyte and catholyte compartment in the electrochemical desalination cell (EDC). Different
salts such as NaCl(s), CaCl2(s), MgCl2(s) and KCl(s) were purchased from Sigma-Aldrich and used in the
middle compartment of the EDC. Electrodes (Pt/C (BASF LT250EW Low Temperature ELAT® GDE, 0.5
mg/cm2 Pt) were purchased from Fuel Cell Store. The following ion exchange membranes (AMI-7001
(Membrane International), FAB-PPS-130, CMI-7000 (Membrane Intl.), Nafion®115 and Nafion® 117 (Fuel
Cell Store) were used as separators.

3.2.2

Desalination Cell Description

Fig. 3.1 shows the design of the desalination cell in this work. For cell assembly, a 3compartment chamber was fabricated from Plexiglas with an inner diameter (ID) of 3.5”, with a
1.0” wide rings, each with one 1/8” hole and two 3/8” hole drilling. A catalyzed coated electrode
paper (Pt) was cutout. This 0.5mg/cm2 platinum on carbon cloth was purchased from
fuelcellstore.com. The anode and cathode working areas were 90 cm2 each. The upper opening was
used to allow for introducing liquids, taking measurements and/or accessing the electrodes. Each
of the compartments had a working volume of 100 mL. Acrylic endplates were attached to both
ends of the cell. Rubber O-rings were placed between each end-plate and its chamber. The entire
unit was held together by steel bolts. The desalination chamber containing the salt solution was
located between the anode and cathode chambers. The anode and the cathode were separated by an
anion and cation exchange membrane, respectively from the desalination compartment (middle
compartment) as shown in Fig. 3.2.
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Fig. 3.1 Schematic of the 3-compartment NaBH4/H2O2 laboratory desalination cell
[C/Pt = Platinum on carbon].

Fig. 3.2 3-D Schematic of 3-compartment batch cell [Adapted from: Girme, G. M. Algae powered microbial
desalination cells,(2014) 58 (Doctoral dissertation, MSc Thesis, Graduate School of the Ohio State University,
Ohio)]
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3.2.3

General Electrochemistry of EDC

The half-cell reactions of the NaBH4/H2O2 fuel cell reactions are shown in Equations 3-1, 3-2 and 3-3:
Cathode:
For the direct reduction of H2O2 to 2H2O: In an acidic medium (containing 1M H2SO4),
H2O2 + 2H+ + 2e-  2H2O; E°C = 1.78 V vs. SHE

(3-1)

Anode:
For the direct oxidation of BH4- to BO2-: In a basic medium (containing 1M NaOH),
BH4- + 8OH-  BO2- + 6H2O + 8e- ; E°A = -1.24V vs. SHE

(3-2)

Overall:
NaBH4 + 4H2O2  NaBO2 + 6H2O; E°Cell = 3.02 V vs. SHE
3.2.4

(3-3)

Analytical methods

Salinity removal was recorded using a salinity pen (SPER Scientific). Electrical conductivities (ᴋ)
were recorded using a conductivity meter (Cole-Parmer). Conductivity meter with conductivity probe
(Cole-Parmer) was calibrated biweekly with 100 μS, 1413μS and 12.9mS OrionTM standards. A pH
meter (Thermo Scientific, Orion 3 Star) was used also. The pH meter was calibrated each time with
buffer solutions having pH of 4.01, 7.00 and 10.01. The change in conductivity (Δᴋ, %) was calculated
by Δᴋtotal = (ᴋout - ᴋin)/ ᴋin, where ᴋin and ᴋout are the initial and the final conductivities of saltwater in
the middle compartment. Also in terms of conductivity, the desalination rate (DR) was calculated by
DRbatch = (ᴋin – ᴋout)/t, where t is time (h). The voltage was measured using a digital multimeter (Klein
Tools, MM400). A decade resistance box (Eisco Labs 6, variable between 0 and 11,110 (VWR)) was
utilized for the cell polarization measurements.

3.2.5

Data Acquisition and Calculations

The voltage drop across various external resistors was measured with a digital multimeter
(Kelvin 50LE), from which the currents were calculated in accordance with Ohm's law. The actual
values of all resistors were also measured using the multimeter. Power and polarization data were
obtained across external resistors varied between 0 Ω to 50 kΩ. and the power densities curves were
plotted from the polarization data normalized to the anode surface area (0.00385 m2).
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To obtain an optimum external load for EDC its power was estimated across a series of different
external loads. All resistances were estimated from the slopes of the different regions of the
polarization plots, and the internal losses were evaluated in terms of resistance.
In order to confirm the desalination is taking place through the cation and anion exchange
membranes, samples were collected at 5 and 8 hours following desalination for all three compartments
(anolyte, salt, and catholyte). The road salt chemical lab analysis were preformed through ICP-OES
(Sodium) and HPLC (Chloride) for NaBH4/H2O2 batch cell. The lab analysis were performed by a
third party.
3.2.6

Experimental procedure in the Batch Regime

Aqueous solutions with concentrations between 10 g/L of CaCl2, MgCl2, NaCl and KCl were
introduced to the middle chamber. The anolyte contained 1 M NaBH4 and 1 M NaOH, while the
catholyte contained 3M H2O2 and 1M H2SO4. Working volumes for each compartment contained 75
ml of each of the three above solutions. To prevent possible loss of NaBH4 through hydrolysis and
H2O2 decomposition, the test solutions were prepared immediately before being added to the cell.
The ion exchange membranes (IEM) carry either negative or positive to exchange with other ions.
The CMI-7000 and AMI-7001 membranes were preconditioned with 5% NaCl for 12.5 hours for
activation. Other available CEMs (Nafion® 115 and Nafion® 117) and AEMs (FAB-PPS-130) were also
investigated. The chemical and physical properties of these commercial membranes are presented in

Tables B1 and Table B2, which can be found on the supplementary page.
Salinity, pH and electrical conductivity were measured at different time intervals. Since the
system’s response time was quite slow, intermittent readings were suffice for measuring the variables
above. A multimeter was used to measure the current and voltage readings of cell, which somehow
decreased over time due to increased resistance after removal of salt. The instruments were calibrated
daily or weekly.
In the batch regime, the 3-compartment electrochemical cell (EDC) is investigated on membranes
without membrane preconditioning. The measurements was only for conductivity, as initial
investigation, in a 3-compartment cell containing 1 M NaBH4 and 1 M NaOH at the anode and 3M
H2O2 and 1M H2SO4 at the cathode with salt solution in the middle compartment. First, by comparing
two cation exchange membranes (Nafion® 115 and Nafion® 117) with different thicknesses; while,
anion exchange membranes (FAB-PPS-130) were kept. The pairs were labeled Set A and Set B.
Second, a comparison of the changes by comparing two different sets of cation (CMI-7000 and
Nafion® 117) and anion (FAB-PPS-130 and AMI-7001) exchange membranes was investigated.
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Furthermore, in the batch regime, the 3-compartment electrochemical cell (EDC) is
investigated on membranes with membrane preconditioning. The measurements have included
salinity, conductivity, pH, OCV and current in a 3-compartment cell containing 1 M NaBH4 and 1
M NaOH at the anode and 3M H2O2 and 1M H2SO4 at the cathode with salt solution in the middle
compartment. Common deicing agents (NaCl(aq); KCl(aq); MgCl2(aq); and CaCl2(aq) were
studied in the batch.
To measure the strength of this desalination cell, a closed-circuit desalination cell containing
electrical resistors was built for the 3-compartment desalination cell (1M NaBH4 and 30% H2O2).
The resistance of the decade box (Eisco Labs, 7 Decades) was varied to produce the polarization
curves at ambient and elevated temperatures. Reading of current and voltage were taken to produce
the curves. To achieve the elevated temperatures and compare with 20 °C (40 °C, 60 °C and 80
°C), the entire 3-compartment assembly was placed in hot water bath on a hot plate.
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3.3 RESULTS AND DISCUSSION
3.3.1

COLLECTION OF REAL SAMPLES OF ROAD SALT FROM THE ENVIRONMENT

3.3.1.1 Introduction
In order to realistically estimate road salt concentration in the environment, real samples of road salt
were collected from different locations around London, ON. This process is described here first. In this work,
samples were obtained from sites around London, Ontario, Canada. Samples were collected from bridge
downpipe drainage running across two highways (401 and 402). Three locations were identified and selected
for regular road salt collection in coordination with the Ministry of Transportation Ontario (MTO).
Conductivities were measured around the Halton region as presented in Table 3.2. The average conductivity of
25 mS/cm was measured for fall/winter 2017/2018 and 2018/2019. For this study, the desalination cell with
NaCl concentrations between 5 and 11 g/L was investigated. Overall road salt conductivity for the period
ranged from 1.64 – 72.55 mS/cm which was dependent on the snowfall and amount of road salt dispensed at
the time.

3.3.1.2 Site Locations
Towards the completion of this study, one overall objective and several sub-objectives were
proposed. Sampling was taken from a local area close to the university. Few suitable places were
acceptable. The samples were taken directly from under the bridge with downpipes. The downpipes help
direct the thaw after a snowfall into the ditch. The following are locations and figures to show the location
of samples.

Figure 3.3 A map of road salt collection from Sites A, B, and C (Google, 2020)
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Specific site coordinates are shown below. Each site is suspected to produce an average
amount of road salt contaminates over the Fall/Winter months. The sites are located about 15 – 20
minutes (by car) from Western University, London, Ontario, Canada.
•

Site A: White Oak Road bridge over Highway 402 (42°54’16.55”, -81°14’32.47”).

•

Site B: Southminster Bourne bridge over and Highway 401 (42°49’27.63”, -81°18’15.74”).

•

Site C: Miller Road bridge over Highway 402 (42°53’41.36”, -81°25’11.97”).

3.3.1.3 Road Salt Sample Collection
Successfully, collection and measurements of 25 salt samples from the field were obtained.
The conductivity and concentrations of all samples were gauged. Some of these samples are kept
to be used for biochemical desalination. The main objective of this research is to explore road salt
desalination through various desalination cell technologies.

Table 3.1: Project Overview
Number of Successful
Measurements
23

Site Visits (F/W: 2017/18)
Site Sample Collected (F/W: 2017/18)

12

Site Visits (F/W: 2018/19)

18

Site Sample Collected
(F/W: 2018/19)

13

As shown in Table 3.1, not all visits to the sites had resulted in sample collection. Setup of
sampling at the site had taken few attempts to ensure proper sampling. Due to weather conditions,
the samples were rock-solid ice and needed to wait few days for the weather to melt down the
samples. Due to high wind days, sampling buckets flew away from the location by several yards.
When samples brought back to the laboratory for conductivity measurements, the samples
sat overnight for the ice to melt. The salty water sample was then stirred well and 25 ml samples
were collected for measuring. The samples were divided into triplicated and measurements were
then taken for accuracy and representation.
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Table 3.2. Road salt conductivities from site visits for F/W 2017/2018 and F/W 2018/2019
Site
Visit

Dates

Location

Conductivity

(mm/dd/yy)

(London, Ontario, Canada)

(mS/cm)

01/18/18

White Oak Drive

41.5

01/22/18

Southminster Bourne

4.96

01/22/18

Miller Road

1.64

02/16/18

White Oak Drive

24.5

02/16/18

Southminster Bourne

5.41

02/16/18

Miller Road

1.98

3

03/22/18

White Oak Drive

52.4

4

03/22/18

White Oak Drive

52.4

04/20/18

Miller Road

1.91

04/20/18

Southminster Bourne

4.67

04/20/18

White Oak Drive

32.1

04/20/18

White Oak Drive

37.4

01/16/19

White Oak Drive

54.28

01/16/19

White Oak Drive

66.56

01/16/19

White Oak Drive

72.55

02/19/19

White Oak Drive

17.66

02/19/19

White Oak Drive

23.49

02/19/19

White Oak Drive

31.48

03/11/19

White Oak Drive

15.77

03/11/19

White Oak Drive

15.23

03/13/19

Miller Road

3.98

03/13/19

Southminster Bourne

8.02

04/28/19

White Oak Drive

23

04/28/19

White Oak Drive

19

04/28/19

White Oak Drive

16.5

1

2

5

6

7

8

9

10

*F/W = Fall/Winter
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3.3.2

INVESTIGATION OF ELECTROCHEMICAL DESALINATION CELL (EDC)
OPERATING IN THE BATCH REGIME

3.3.2.1 Introduction

Three sets of experiments were done relating to EDC construction and setup. First,
different membranes were tested preliminarily without preconditioning for 5 different
membranes for both anion exchange membrane (AEM) and cation exchange membrane
(CEM). Second, NaCl desalination showed excellent results after membrane preconditioning in
5% w/w in NaCl(aq). Laboratory analysis confirmed desalination and removal of sodium and
chloride ions from water. Third, different types of salt that normally are used for road salt by
different municipalities were investigated. Different parameters such as conductivity, salinity,
pH, voltage and current graphs compares the different salt types. Lastly, current and power
density graphs show the DBFC at ambient and elevated temperatures.
3.3.2.2 Effect of membrane thickness on desalination (without membrane preconditioning)
The CEM and AEM used in the desalination cell affect the desalination rates in the 3-compartment
EDC as shown below Fig. 3.4.
20
Membranes Set B: NAFION 117 (CEM) + FAB-PPS-130 (AEM)
18

Membranes Set A: NAFION 115 (CEM) + FAB-PPS-130 (AEM)
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Fig. 3.4 Salt conductivity changes using two different CEMs with the
same AEM (without membrane preconditioning).
56

16

18

10.00

Salinity (ppt)

8.00

6.00

4.00
Membranes Set B: NAFION 117 (CEM) + FAB-PPS-130 (AEM)

2.00

Membranes Set A: NAFION 115 (CEM) + FAB-PPS-130 (AEM)

0.00
0

2

4

6

8

10

Time ( h r.)

12

14

Fig. 3.5 Change in salinity of two different CEMs with the same
AEMs (without membrane preconditioning).
As shown in Fig. 3.5, the Nafion® 115 produced faster desalination due to its lower ionic
conductivity than Nafion® 117 during an 18-hour run. The NaCl concentration (10 g/L) in deionized
water showed an average conductivity of 16.8 mS/cm. The final conductivities were 10.8 and 9.0
mS/cm for set A and set B membranes with reaction parameters shown on the figure, respectively. The
drop in ion conductivity with the Nafion® 115 was higher than the Nafion® 117 i.e. 0.42 mS/ (cm.h) vs.
0.36 mS/ (cm.h), respectively. Since Nafion® 117 (THK = 208 μm) is thicker than Nafion® 115 (THK =
161 μm), the rate of change for Nafion® 115 was higher. CEMs’ Membrane thickness can be compared
in Table B1 and B2.
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3.4.2.4 Effect of membrane conductivity on desalination (without membrane preconditioning)
Fig. 3.6 displays the changes by comparing two different sets of cation and anion exchange
membranes.
10

Membranes Set A: NAFION 117 (CEM) + FAB-PPS-130 (AEM)
Membranes Set B: CMI-7000 (CEM) + AMI-7001 (AEM)
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Time (h)

Fig. 3.6 Salt conductivity comparison of two different membrane pairs (without membrane preconditioning).
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Fig. 3.7 Salt conductivity comparison of two different membrane pairs (without membrane preconditioning).
As presented in Fig. 3.7, the CMI-7000 + AMI-7001 produced NaCl solutions with a lower
conductivity than Nafion® 117 + FAB-PPS-130. The NaCl concentration (5.5 g/L) in deionized water
showed an average conductivity of 8.75 mS/cm. Although the CMI-7000 and AMI-7001 are thicker
than FAB-PPS-130 and Nafion® 117, their membrane conductivities and ion-exchange capacity (IEC)
are higher as illustrated in Table. 3.3 and Table 3.4. The conductivity desalination rate for membrane
set B is higher than membrane set A (1.20 mS/cm.h vs. 1.05 mS/cm.h), which is due to membrane
conductivity. This is directly linked to what is happening since IEC is the total of active sites (or
functional groups) responsible for ion exchange in polymer electrolyte membrane.
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3.4.2.5 Conductivity and pH properties of NaBH4/H2O2 desalination with membrane preconditioning
The graph shows full desalination after 9 hours with the reaction parameters shown in Fig. 3.8. The

Salinity (parts per thousands)

initial salinity was 11 g/L ; whereas the final salinity was approximately 0.25 g/L.
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Fig. 3.8 Change in NaCl salinity in the middle compartment of EDC
The pH in the middle compartment salt solution is shown in Fig. 3.9, which shows the pH of
solutions with NaCl used. The allowable pH limit, according to Environment Canada is 7 – 10.5.
NaCl was within the limits on average after 10 hours of run.
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Fig. 3.9: pH in the middle compartment of EDC
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3.4.2.6 NaCl Concentration Lab Analysis of Each Compartment in a 3-Compartment EDC

The road salt chemical lab analysis through ICP-OES (Sodium) and HPLC (Chloride) for
NaBH4/H2O2 batch cell is shown in the graphs below.

3.4.2.6.1 Anolyte Compartment Na+ and Cl- Concentration:
The anion exchange membrane (AEM) in a 3-compartment cell separates the anolyte
compartment. The AEM exchanged chloride (Cl-) ions from the NaCl solution, which clearly
increased to 5,200 ppt and 5,700 ppt after 5 and 8 hours, respectively. There was some sodium ions
exchange apparently as shown in the Na+ concentration below. The removal of chloride ions was
near 100%, since the initial chloride amount was approximately 5,700 ppt.
Anolyte Compartment Cl- Concentration
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Fig. 3.10: Anolyte compartment Na+ and Cl- concentration
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Run - 8 Hrs.

3.4.2.6.2 Catholyte Compartment Na+ and Cl- Concentration:
The cation exchange membrane (CEM) in a 3-compartment cell separates the Catholyte
compartment. The CEM exchanged sodium (Na+) ions from the NaCl solution, which clearly
increased to 2,930 ppt and 3,240 ppt after 5 and 8 hours, respectively. There was some sodium ions
exchange apparently as shown in the Na+ concentration below. The removal of chloride ions was
near 98%, since the initial chloride amount was approximately 3310 ppt.
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Fig. 3.11: Catholyte compartment Na+ and Cl- concentration
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Run - 8 Hrs.

•

3.4.2.6.3 Salt Compartment Sodium and Chloride Concentration:

AEM and CEM are located on both sides of NaCl aqueous solution in a 3-compartment
desalination cell. The CEM exchanged sodium (Na+) ions from the NaCl solution, which clearly
decreased to 170 ppt and 13 ppt after 5 and 8 hours, respectively. The AEM exchanged chloride (Cl-)
ions from the NaCl solution, which clearly decreased to 228 ppt and ~37 ppt after 5 and 8 hours,
respectively. There was some sodium ions exchange apparently as shown in the Na+ concentration
below. The removal of sodium ions was near 98.9%, whereas; the removal of chloride ions was near
99.8% as shown in the bar graphs below.
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Fig. 3.12: Salt compartment Na+ and Cl- concentration
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3.4.2.7 Effect of deicing salt types on desalination in Batch Regime
Sodium chloride is not the only type of road salt being used for deicing. The list of salts used is
shown in Table 3.6. Some of the salts are used as anti-caking, dust suppressants or pre-wetter additives,
whereas, others are more applicable in the colder winter environment. Road salt alternatives such as
beet juice or cheese brine have been implemented in some municipalities to lessen the impact of
chloride contamination and its effects on the environment.
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Fig. 3.13 Change in salinity of various salts in the middle compartment of EDC.
For data reproducibility and accuracy, 2-3 sets of data were obtained. By comparison, NaCl, MgCl2
and KCl have shown similar salinity reductions at the middle range of the 3-compartment cell. CaCl2
had shown different trends based on the experimental results and the highest standard deviation. The
initial salinities corresponded to 10.8 grams, 5.6 grams, 9.2 grams and 12.6 grams for NaCl, MgCl2, KCl
and CaCl2, respectively. Salinity reductions were 85% – 99% for the different salts.
Similarly, the effects of different salt solutions’ conductivity in the batch regime on
desalination over 9 hours were examined. Noticeably, the conductivity decreased with time as seen
in Fig. 3.14.
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Fig. 3.14 Change in conductivity of various salts in the middle compartment of EDC.
Similarly, CaCl2 had shown different trends based on the experimental results and highest standard
deviation; whereas, NaCl, MgCl2 and KCl have shown similar conductivity reductions at the middle
slot of the 3-compartment cell. The initial conductivities were different since the salt concentrations
were different (same as above).
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3.4.2.8 Open cell voltage (OCV) in the Batch Regime
In a galvanic cell, the open cell voltage (OCV) is supposed to approach the cell electromotive force,
but it never does. The time-lapse of OCV was over 9 hours for various deicing salts and the reaction
parameters are shown in Fig 3.15. The cell setup illustrates a battery-like existence, the open cell
voltage profile accounts for internal losses occurring within the cell. The internal resistor plot is shown
in Fig. 3.16 with a peak of 1.6 V ± 0.1
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Fig. 3.15: Open circuit voltage (OCV) of EDC
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3.4.2.9 pH of EDC in the Batch Regime
The pH in the middle compartment salt solution is shown in Fig. 3.16. Due to membrane exchanges on
either side into the middle compartment, the pH decreases which is an obvious sign that the H+ ions are
diffusing in at a much greater rate than OH- ions. The concern of membrane crossover was subject to several
studies as it affects oxidant and fuel utilization in the desalination cell. The concern for liquid having high or
low pH is that it cannot be put directly into the environment. Fig. 3.16 shows the pH of solutions with different
salts used. The allowable pH limit, according to Environment Canada is 7 – 10.5. NaCl and MgCl2 were
within the limits on average, whereas, KCl and CaCl2 showed acidic and basic tendencies over a 9-hour run.
There is no question that pH control is necessary for the 3-compartment NaBH4/H2O2 cell.
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Fig. 3.16: pH in the middle compartment of EDC.
For KCl, the acidity could be due to the formation of hydrochloric acid (HCl) from H+ and Cl-. The
Cl- ions are already dissociated in water with the salt and H+ ion enter the middle compartment through
the cation exchange membrane with sodium ions. Similarly, for CaCl2, the acidity could be due to the
formation of sodium hydroxide from OH- and Na+. The Na+ ions are already dissociated in water with
the salt and OH- ions enter the middle compartment through anion exchange membrane with chloride
ions. The pH stabilized after 4 hours, with KCl and NaCl below the allowable limit set by Environment
Canada i.e. 6.4.
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3.4.2.10 Closed Circuit Cell Polarization Curve at Ambient Temperature:
Fig. 3.17 shows a maximum power density of 2.75 W/m2 obtained at a current density of 5.32 A/m2
at a 2500 Ohm external resistance for ambient temperature with NaCl.
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Fig. 3.17: Cell polarization and power density of DBFC
using H2O2 as an oxidant. Anode: Pt/C, 0.5mg Pt/cm2.
Anolyte: 5% NaBH4 + 10% NaOH. Cathode: Pt/C, 0.5mg Pt/cm2.
At ambient temperature, the location of the peak operating point 2.75 W/m2 (or the maximum point
of the curve). The cell voltage decreased from 1.488 volts to 0.307 volts. In comparison, EDC offered
higher energy than MDC and PMDC. Although EDC produced faster desalination, the operational cost
is higher due to chemical cost.
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3.4.2.11 Closed Circuit Cell Polarization Curve at Elevated Temperature:
Fuel cells are affected by operating temperature. Fig. 3.18 shows the increase of the current and
power density with using NaCl at 20 °C, 40 °C, 60 °C and 80 °C.

Fig. 3.18 Curves of Cell Polarization and Power Density of DBFC using H2O2 as an oxidant.
Anolyte: 5% NaBH4 + 10% NaOH.
The location of the peak at 4.4 W/m2 at 80°C (the maximum point of the curve) was the highest
amongst all the temperatures investigated. The cell voltage decreased from 1.495 volts to 0.404 volts.
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3.5 CONCLUSION
The development of desalination technology for dealing with road salt problem using
electrochemical energy is the key objective of this research. It was discovered for the first time that a
batch lab-scale 3-compartment NaBH4/H2O2 electrochemical desalination cell (EDC) has that
capability with very high efficiency. Through the successful use of several commercial cation
exchange and anion exchange membranes desalination was achieved for the average road salt
concentrations found at several sites. In fact, the site concentrations for City of London, ON was
determined to be between 12 to 18 g/L, which the EDC was built based on.
Operating in the batch regime, the CMI-7000 in combination with AMI-7001 membrane
pairs assisted in the removal of sodium ions with ~98.9%; whereas; the removal of chloride ions was
~99.8% in accordance with lab analysis. Over maximum of 9-hour runtime, the total desalination rate
(TDR) for NaCl was 0.70 ppt/hr. Additional salt solutions (modeled for road salt) such as MgCl2(aq),
CaCl2(aq) and KCl(aq) were desalination almost completely in the same lab-scale 3-compartment
electrochemical desalination cell in the batch regime.
The initial cell open cell voltage (OCV) was 1.6 V, but it stabilized at 1.4 V. In a closed cell,
the maximum current and power densities were 5.32 A/m2 and 2.75 W/m2 at ambient temperature,
respectively. In addition, in a closed-cell, the maximum current and power densities were 6.10 A/m2
and 4.40 W/m2 at highest temperature tested (80 °C), respectively. The borohydride/peroxide cell in the
batch regime has demonstrated its viability for the desalination of salt solutions while generating a
small amount of electricity.
This work should be scaled-up to handle large contaminated sites of road salt across the
Province of Ontario. Furthermore, determine the actual time for desalination of an optimized volume of

salt water. The waste products from the ED can be studied for regeneration or careful reintroduction in
the environment.
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Chapter 4
Investigation of NaBH4/H2O2 Electrochemical
Desalination Cell (EDC) Operating in Batch with
Mixing and Continuous Regimes
4.1 INTRODUCTION:
Millions of tonnes of road salt1, 2 are spread onto highways and roads for safe transportation every year,
which may lead to salt trickling into fresh lakes and groundwater. As snow or ice cover roads, vehicles benefit
from road salt being spread on highways for road safety. All road salt that is applied to sidewalks, driveways,
roads and parking lots makes its way to the local waterways affecting negatively freshwater biotas.3, 4 There is
also no question about salt impacting roadside soil5 and trees. Furthermore, the road salt passing down the
ground corrodes steel support structures of buildings, roads and bridges leading towards further infrastructure
costs. Practically due to environmental concerns, cities have started monitoring and reporting programs to
evaluate and continuously measure the affect they cause on the environment. In several report,6,7 Canadian
provinces and US states alike approach road salt monitoring, reduction, controlling and managing differently as
increased urbanization continues.
Typical concentration of dissolved salts are classified into two categories: seawater and brackish
water. The most widely used process desalination technologies are based on either membrane or thermal
separation. Reverse osmosis (RO) and electrodialysis (ED) fall under the first group of technologies; whereas,
multistage flash distillation (MSF), multi-effect distillation (MED) and mechanical vapor compression
(MVC) fall under the latter. Worldwide desalination utilized inside the majority of plants are RO and MSF
technologies. Among membrane-based systems, 86% are based on RO, while ED represents only 14%.9
Reverse osmosis is the fastest growing method of desalination. CDI is part of RO and so are forward osmosis
(FO) and ion concentration polarization.
Electrochemical processes hold promise for energy-efficient and economical desalination. Capacitive
electrochemical desalination approaches require extremely high surface area electrodes to maximize their
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electro-sorption capacity and are therefore economical only for desalinating brackish water (0.5−10 ppt TDS).
On the other hand, Faradaic electrochemical desalination performs better at higher salinities because of
increased ionic conductivity of the feed.9
Owing to excellent ionic conductivity and good safety, aqueous rechargeable batteries are becoming a
promising type of batteries in the field of electrochemical energy storage devices. The various classes of
aqueous rechargeable batteries such as alkali-ion batteries, zinc ion batteries, Co or Ni metal batteries, and
multiple valence ion batteries have been widely investigated.10
The electrochemical desalination cell (EDC) proposed in this work consists of NaBH4 and H2O2 half
cells, was investigated and optimized to reduce road salt concentration in. Standard direct borohydride fuel
cells (DBFC)10,

11

have a lot of potential and significant research studies has been performed on such cell

already. According to De Leon et al.,12 temperature is an important factor in borohydride/peroxide cell. A
reference list of NaBH4 and H2O2 power densities with associated temperatures was reviewed.13 At room
temperature, the specific current and power cell range is 20 - 30 mA /cm2 and 23-96 mW /cm2, respectively.
Temperatures as high as 70 and 85 °C have a direct impact on increasing the current and power density of
borohydride fuel cell.14 In another study,15 in addition to temperature, the concentration of borohydride (BH4-),
supporting electrolyte and oxidant conditions also affect the energy of DBFC.
Different electrodes on the anode and cathode side of borohydride-based fuel cell have been studied
for improving the power of this cell. On the cathode side, carbon-supported nanocrystalline manganese oxide
(MgO) has exceeded platinum, according to one study.16 The MgO cost is much lower than Pt, which usually
is the most popular electrocatalyst. Another investigation was performed using Pd/Ir alloy coated
microfibrous carbon17 for the cathode has shown promise; however, Prussian Blue (PB) or Iron (III)
hexacyanoferrate in another work was more promising according to another study.18
Pure Pt electrocatalyst is a noble metal and pricey; thus many researchers have leaned toward
bimetallic surfaces on carbon black such as Pt-Sn,19 Pt-Co20 and Pt-Zn.21 Moreover, higher catalytic activity
and stability than monometallic ones is achieved through bimetallic catalysts. This has assisted in making
the use more feasible as direct borohydride fuel cell (DBFC) being commercialized. In recent studies,

22, 23

pure gold metal and gold bimetals were extensively used on the anode side for current and power density
improvements despite the high cost. Ni and its alloys24, 25 offer high peak power density and a current density
a DBPFC. Some research studies have focused on the substrate26 (plate, micromesh, mesh, felt and fine mesh)
with the metallic catalyst for the anode. This research shows that in addition to the transitional metals alloying
of Pt (or other metal/bimetals) to improve the electro-catalytic activities, so does the type of the substrate
used. For measuring the strength of the fuel cell with fuel and oxidant, a two-compartment fuel cells are
normally assembled and focused on membrane optimization. For instance, a Li-based-ion-exchange film
(LISICON)27 was placed between the cathode and anode to test how high cell voltage can be reached. This
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new type of membrane (ceramic-based) is very appealing to acid-alkaline hybrid electrolyte (such as
DBHFC). The polymeric ion exchange membrane is one of the critical components of the DBPFC. Its main
properties, namely its stability in the presence and absence of an electric field, reflect on the fuel cell
performance. In another study,28 five ion exchange membrane separators were tested in laboratory-scale direct
NaBH4/H2O2 fuel cells and were compared by the observation and analysis of several electrochemical
parameters calculated for the corresponding fuel cells. Researchers focus more on the chemistry of binding
material such as PVA hydrogel29 to maintain high power/current density as well as reduced cost.
Different research for DBFC focuses on comparing Nafion® to other membranes such as gel
polystyrene cross linked with divinylbenzene or other specialized polymer material.30 However, all fuel cell
face crossover issues that can be reduced or eliminated based on the chemistry of the membrane.31 The
crossover arises from increased pH (alkali ions crossover from the anode to cathode), thus increasing the
oxidant utilization. Lastly, the focus cannot be solely on material type, since there is also an emphasis on
design parameters, such as bipolar plate materials and flow fields.32
In this study, the performance of 3-compartment electrochemical desalination cell (EDC) was
examined in both the batch regime with mixing and the continuous regime using NaBH4/H2O2. The sodium
borohydride (NaBH4) was used as an anolyte and hydrogen peroxide as a catholyte, whereas road salt solution
was introduced between the anodic and cathodic chambers, separated by membranes. All runs were performed
at ambient temperature. In the batch regime with mixing, the conductivity, salinity, pH, Open cell voltage
(OCV) and short circuit current (SSC) were all reported for five different sets of studies. These studies
includes: a) varying catholyte acidifying solution type; b) varying anolyte NaBH4 concentrations; c) varying
pump mixing rates; d) varying NaCl concentration in the middle compartment; and e) varying deicing salt
type in the middle compartment.
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4.2 MATERIALS AND METHODS:
4.2.1 MATERIALS
The chemicals were purchased from different vendors. The NaBH4 (99 wt.%), NaOH
(97 wt.%), H2O2 (30 vol.%), and H2SO4 (98.08 wt.%) were procured from Caledon Laboratories Ltd and
used for the anolyte and catholyte compartment in the electrochemical desalination cell (EDC). Different
salts such as NaCl(s), CaCl2(s), MgCl2(s) and KCl(s) were purchased from Sigma-Aldrich and used in the
middle compartment of the EDC. Electrodes (Pt/C (BASF LT250EW Low Temperature ELAT® GDE, 0.5
mg/cm2 Pt) were purchased from Fuel Cell Store. The following ion exchange membranes (AMI-7001
(Membrane International), FAB-PPS-130, CMI-7000 (Membrane Intl.), Nafion®115 and Nafion® 117
(Fuel Cell Store) were used as separators.

4.2.2 DESALINATION CELL DESCRIPTION OF BATCH CELL WITH MIXING

Fig. 4.1 shows the design of the desalination cell in this work. For cell assembly, a 3compartment chamber was fabricated from Plexiglas with an inner diameter (ID) of 3.5”, with a 1.0”
wide rings, each with one 1/8” hole and two 3/8” hole drilling. A catalyzed coated electrode paper
(Pt) was cutout. This 0.5mg/cm2 platinum on carbon cloth was purchased fuelcellstore.com. The
anode and cathode working areas were 90 cm2 each. The upper opening was used to allow for
introducing liquids, taking measurements and/or accessing the electrodes. Each of the compartments
had a working volume of 100 mL. Acrylic endplates were attached to both ends of the cell. Rubber
O-rings were placed between each end-plate and its chamber. The entire unit was held together by
steel bolts. The desalination chamber containing the salt solution was located between the anode and cathode
chambers. Fig. 4.2 below shows the mixing assembly incorporated into the system.
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Fig. 4.1 3-D Schematic of 3-compartment desalination cell for batch [Adapted from: Girme, G. M. Algae powered
microbial desalination cells,(2014) 58. (Doctoral dissertation, MSc Thesis, Graduate School of the Ohio State
University, Ohio)]

Fig. 4.2 A photo the 3-compartment NaBH4/H2O2 laboratory desalination cell with external mixing
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4.2.3 DESALINATION CELL DESCRIPTION IN CONTINUOUS REGIME

Fig. 4.3 shows the design of the desalination cell in this work; however, three pumps were
used for input and output into the system. Through the existing holes in the rings at the ambient
temperature, the pumps were operating in the reaction runs. The red arrows in the graph illustrates
the general idea of the 3-compartment NaBH4/H2O2 desalination cell in the continuous regime.

Fig. 4.3 Schematic of 3-compartment NaBH4/H2O2 laboratory desalination cell
[AEM = anionic exchange membrane; CEM = cationic exchange membrane;
C/Pt = Platinum on carbon; PI = Pump In; PO = Pump Out].

Fig. 4.4 Photo of 3-compartment NaBH4/H2O2 desalination cell operating in continuous regime.
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4.2.4 GENERAL ELECTROCHEMISTRY OF EDC

The half-cell reactions of the NaBH4/H2O2 fuel cell reactions are shown in Equation
4-1, 4-2 and 4-3 below:
Cathode:
For the direct reduction of H2O2 to 2H2O: In an acidic medium (containing 1M H2SO4),
H2O2 + 2H+ + 2e-  2H2O; E°C = 1.78 V vs. SHE

(4-1)

Anode:
For the direct oxidation of BH4- to BO2-: In a basic medium (containing 1M NaOH),
BH4- + 8OH-  BO2- + 6H2O + 8e- ; E°A = -1.24V vs. SHE

(4-2)

Overall:
NaBH4 + 4H2O2  NaBO2 + 6H2O; E°Cell = 3.02 V vs. SHE

(4-3)

The same electrochemistry is applicable experimental run to continuous regime in section 4.3.2.
4.3.2.1 General Reaction Parameters of EDC

The reaction parameters for all runs are shown below for both batch with mixing
regime and continuous regime
Table 4.1: Reaction parameters for EDC
Cell Type
Catholyte
Anolyte
CEM
AEM
Cathode Electrode
Anode Electrode
Active Area

Reaction Parameters
(3-Compartment Cell)
NaBH4 (1M) + NaOH
Peroxide (30 v/v%) + Acid Solution
CMI-7000
AMI-7001
Pt/C
Pt/C
Full Diameter
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4.2.5 ANALYTICAL METHOD:
The anode and the cathode were each separated by an anion/cation exchange membrane
(fuelcellstore.com) from the desalination compartment (middle compartment) as shown in Fig. 4.3.
For saline water from road salt, concentrations of 8 - 9 g/L reagent grade NaCl was introduced to
the middle chamber. The voltage was recorded using a digital multimeter (Klein Tools, MM400);
whereas, the current equation is defined as: I = V/R (defined as Ohm's law). Salinity removal were
recorded using a salinity pen (SPER Scientific, model #850036). Electrical conductivities were
detected using a conductivity meter (Cole-Parmer, model #19815-00). Conductivity meter with
conductivity probe (Cole-Parmer, 011050) was calibrated biweekly with 100 μS, 1413μS and
12.9mS OrionTM standards. A pH meter (Thermo Scientific, Orion 3 Star) was used also. The pH
meter was calibrated each time with pH 4.01, 7.00 and 10.01. The conductivity rate (Δᴋ, %) was
calculated by Δᴋtotal = (ᴋout - ᴋin)/ ᴋin, where ᴋin and ᴋout are the initial and the final conductivity of
saltwater in the middle compartment. Lo-Flow pumps for batch with mixing and continuous
regimes being investigated.

4.2.6 EXPERIMENTAL PROCEDURE
The anolyte contained 1 M NaBH4 and 1 M NaOH, while the catholyte contained 3M H2O2 and
1M H2SO4. Working volumes for each compartment contained 75 ml of each of the three above
solutions. To prevent possible loss of NaBH4 through hydrolysis and H2O2 decomposition, the test
solutions were prepared immediately before being added to the cell. Two different regimes were
investigated, i.e. batch with mixing regime and continuous regime. A 5% w/w of aqueous NaCl was
prepared for preconditioning of CMI-7000 and AMI-7001. The membrane was placed in solution for
minimum of 12.5 hours. The membrane’s ions gets activated through preconditioning and become
ready for use. For mimicking a road salt saline water, aqueous solutions of 5 - 11 g/L NaCl were
introduced to the middle chamber.
In the batch with mixing regime, the 3-compartment electrochemical cell (EDC) is investigated
with 5 different sets of parameters. The measurements have included salinity, conductivity, pH, OCV
and current in 3-compartment cell containing 1 M NaBH4 and 1 M NaOH at the anode and 3M H2O2
and 1M H2SO4 at the cathode with salt solution in the middle compartment. First, various acidifying
solution types (CH3COOH; H2SO4; H3PO4; and HCl) with 1.0M concentration at the catholyte in a 3compartment desalination cell were studied. Second, the different NaBH4 concentrations (0.5, 1.0, 2.0
and 4.0 M) in the anolyte compartment were studied. Third, four different pump recirculation rates (10
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ml/min; 20 ml/min; 30 ml/min; and 40 ml/min; ) in an outer flask were examined at the middle
compartment. Fourth, the different concentrations (2 g/L, 4 g/L, 6 g/L and 8g/L) for NaCl (modeled as
road salt) were studied. Lastly, common deicing agents (NaCl(aq); KCl(aq); MgCl2(aq); and CaCl2(aq)
were also considered in batch with mixing regime.
In the continuous regime, the 3-compartment electrochemical cell (EDC) is investigated with 5
different sets of parameters. The measurements was only for conductivity, for comparison purpose, in a
3-compartment cell containing 1 M NaBH4 and 1 M NaOH at the anode and 3M H2O2 and 1M H2SO4
at the cathode with salt solution in the middle compartment. First, four different pump flowrates (0.18
ml/min; 0.53 ml/min; 1.06 ml/min; and 1.38 ml/min) through the cell were examined at the middle
compartment Second, various acidifying solution types (CH3COOH; H2SO4; H3PO4; and HCl) with
1.0M concentration at the catholyte in a 3-compartment desalination cell were studied. Third, the effect
of different NaOH concentrations (0.5, 1.0, 2.0 and 4.0 M) in the anolyte compartment were studied.
Fourth, common deicing agents (NaCl(aq); KCl(aq); MgCl2(aq); and CaCl2(aq) were also considered in
batch with mixing regime. Lastly, the different concentrations (2 g/L, 4 g/L, 6 g/L and 8g/L) for NaCl
(modeled as road salt) were also considered in the continuous regime.
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4.3 RESULTS AND DISCUSSION
4.3.1 INVESTIGATION OF ELECTROCHEMICAL DESALINATION CELL (EDC)
OPERATING IN THE BATCH REGIME WITH MIXING
In this section covers the performance of 3-compartment electrochemical desalination cell (EDC) in the
batch regime with mixing for NaBH4/H2O2. In the batch regime with mixing, the conductivity, salinity, pH,
Open cell voltage (OCV) and short circuit current (SSC) were all reported for five different sets of studies.
These studies includes: a) varying catholyte acidifying solution type; b) varying anolyte NaBH4
concentrations; c) varying pump mixing rates; d) varying NaCl concentration in the middle compartment;
and e) varying deicing salt type in the middle compartment.

4.3.1.1 Effect of catholyte acidifying solution on desalination in a batch regime with mixing

Fig. 4.5 Conductivity decrease due to effect catholyte acidifying solution
As the figure illustrates, the conductivity has reduced significantly over the period of 12 hours
and it’s about zero for almost all of the acids. Acidification with H3PO4 had higher conductivity
reduction in comparison with other acids and its conductivity remained constant after the 8 hour of
experiment. Moreover, H2SO4 and acetic acid were the only acids that investigated up to 12 hours of
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experimental time. However, the reduction rate for H2SO4 is rather uniform in comparison with
acetic acid.
The salinity was measured every half an hour for 12 hours, for all the acidifying solutions. By
comparison, All acids (H2SO4, H3PO4 Acetic Acid and HCl) have shown similar salinity reductions.
The initial salinities were 10 grams, 9.7 grams, 9.5 grams and 8.6 grams for HCl, H3PO4 , H2SO4
and Acetic Acid, respectively. Salinity reductions were 85% – 99% for all salts. Moreover, most of
the acids reached their lowest salinity in eighth hour of experiment as in Fig. 4.6.

Fig. 4.6 Salinity decrease due to effect of catholyte acidifying solution
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Fig. 4.7 pH change decrease due to effect catholyte acidifying solution
The pH in the reduction compartment liquid is shown in Fig. 4.7. For all runs, the initial salt
solution pH was around 7 which shows they are normal. After a while due to the membrane
exchanges on the right chamber the pH has increased significantly which is an obvious sign because
the reduction side share their H+ ions with the middle chamber which is included of salt. Due to the
previous, various salts were studied to find out how pH will decrease for each salt. As the allowable
pH limit, according to Environment Canada is 7 – 10.5, so pH in the middle chamber is one of the
effective environmental factor.
Interestingly enough however, the other acid became more acidic, the result for acetic acid
was a little bit different. In the first three hours acetic acid had increase in pH, then pH decrease
gradually. Moreover, pH of sulfuric acid increased much more significantly in comparison with
other acid, which means it shared more H+ ions. There is no question, pH control is necessary for the
3-compartment NaBH4/H2O2 cell following desalination.
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The open voltage was the lowest with weak acid (AA) in comparison with the strong acid
(H3PO4) as expected. The voltage decreases with time following run and remains somewhat steady
for up to 4-5 hours. The OCV in the reduction compartment liquid is shown below in Fig. 4.8.

Fig. 4.8 Desalination cell OCV decrease due to effect catholyte acidifying solution
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Fig. 4.9 Desalination cell SSC decrease due to effect catholyte acidifying solution
The short circuit current was the lowest with acetic acid and highest with HCl. The best
desalination is achieved with the highest current density, thus HCl is better acidifying solution with
hydrogen peroxide. The current decreased with time following run and rate of reaction was best with
HCl and sulfuric acid. The desalination rate and current are correlated and slopes in Fig. 4.9 show that
HCl is best acidifying solvent in comparison to others.
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4.3.1.2 Effect of various anolyte [NaBH4] on desalination in a batch regime with mixing

Fig. 4.10 Conductivity decrease due to effect of various anolyte NaBH4 concentrations

As the figure illustrates, the conductivity has reduced significantly over the period of 12 hours
and it’s about zero with all of different NaBH4 concentrations. The highest concentration (4.0 M
NaBH4) had slightly better conductivity reduction in comparison. Moreover, 0.5 M NaBH4 and 2.0
M NaBH4 anolyte solution were the only parameters that investigated up to 12 hours of experimental
time. However, the reduction rate with different concentrations were uniform throughout.
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Fig. 4.11 Salinity decrease due to effect of various anolyte NaBH4 concentrations

The salinity was measured every half an hour for 12 hours, for all the NaBH4 concentrations.
The initial salinities were 8.6 g/L and 8.25g/L and salinity reductions were 90% – 99% for the
desalinated solution after 8-hour run in batch regime with mixing.
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Fig. 4.12 pH change decrease due to effect of various anolyte NaBH4 concentrations

The pH in the reduction compartment liquid is shown in Fig. 4.12. For different NaBH4
concentrations, the initial pH of middle compartment was around 6.5 – 7.0. After several hours of
run time, the pH has decreased to acidic levels and ranged between 2.5 and 3.5. Comparably, the
pH change between using different concentrations of NaBH4 at the anolyte had slightly affected the
pH in the middle compartment.
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Fig. 4.13 Desalination cell OCV decrease due various anolyte NaBH4 concentrations

The open voltage was not that significant with different NaBH4 concentrations. The voltage
decreases with time following run and remains somewhat steady for up to 2 hours. The OCV in the
reduction compartment liquid is shown below in Fig. 4.12.
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Fig. 4.14 Desalination cell SSC due various anolyte NaBH4 concentrations

The short circuit current was not significantly different with NaBH4 change in
concentration. The short circuit current values are compared in Fig. 4.13.
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4.3.1.3 Effect of pump recirculation flow rate on desalination in a batch regime with mixing

Fig. 4.15 Conductivity decrease due to the effect of pump recirculation flow rate

The conductivity reduced gradually by increasing the pump flow rate. In 40 ml/min, the
results illustrate the most reduction for conductivity over the period of experiment. The total
desalination rate is best based on the slope. The initial conductivity for 10, 20, 30 and 40 ml/min is
15.2, 16.3, 15.7 and 16.0 mS/cm respectively. The results are shown in Fig. 4.15.
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Fig. 4.16 Salinity decrease due to the effect of pump recirculation flow rate

By increasing the pump flow rate, the salinity reduced gradually. Same like conductivity, for
40 ml/min the reduction rate is much higher than other flow rate. Moreover, 40 ml/min flow rate has
the best desalination rate in both conductivity and salinity. The Fig. 4.16 shows the result for effect
of pump flow rate on salinity.
Furthermore, the pH decrease significantly in first hour for all flow rates, however, it was
stable between pH of 2 and 3 during the experiments. Hence, we have more acidic environment in
the middle chamber by increasing the flow rate for pump. Also, the graph indicates, for lower the
flow rate, the pH increases more significantly to create less acidic environment. The result is shown
in Fig 4.17.
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Fig. 4.17 pH change due to the effect of pump recirculation flow rate

Fig. 4.18 Desalination cell OCV decrease due to the effect of pump recirculation flow rate
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The effect of recirculation flow rate on voltage is illustrated on Fig. 4.18. The voltage
remained stable for around 6 hours of experiment for all rates, then suddenly reduced. For 20
ml/min, there is a fluctuation but others reduced gradually, particularly for rate of 40 ml/min.
The result of effect on current showed in Fig. 4.19. For various the recirculation flow rate,
current increased at first and then reduced gradually. By increasing the flow rate, the reduction
increased, particularly in 50 ml/min. However, the result had fluctuation for 10 ml/min.

Fig. 4.19 Desalination cell SSC decrease due to the effect of pump recirculation flow rate
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4.3.1.4 Effect of NaCl concentration on desalination in a batch regime with mixing

Fig. 4.20 Conductivity decrease due to the effect NaCl concentration in middle compartment

As it is clear from the graph, with higher concentration of salt, the longer time it takes for full
desalination. Hence, for 2 g/l, we had the lowest conductivity and by contrast, to this for 8 g/l we
had the highest conductivity for desalination over approximately 8 hours. However, for all
concentration, the conductivity reduced gradually during the period of 8 hours. The result is shown
in Fig. 4.20. In addition, the desalination rate was the highest for 6 g/L in comparison to other salt
concentrations. This is obtained from the slope of the line (rate of change) in the figure.
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Fig. 4.21 Salinity decrease due to the effect of NaCl concentration in middle compartment

Salinity is another important factor that is checked for various NaCl concentration. As its
shown in Fig 4.21 by increasing the NaCl concentration the reduction rate will reduce. Hence, 2 g/l
Concentration, had the lowest salinity in the period of 8 hours. Similarly, the desalination rate was
the highest for 6 g/L in comparison to other salt concentrations. This is obtained from the slope of
the line (rate of change) in the figure.
pH for all of NaCl concentration started from around 7 approximately. By increasing NaCl
concentration the solution became more acidic for all rate. However, after significant increases in
first hour they all will be stable between 2-4 in rest of the period.
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Fig. 4.22 pH decrease due to the effect of NaCl concentration in middle compartment

Fig. 4.23 Desalination cell OCV due to the effect NaCl concentration
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By increasing the NaCl concentration, voltage had reduction gradually in the 8 hours.
However, there is fluctuation for 10 g/l concentration, but others kept their reduction rate.
For lower the concentration, there was lower the voltage during the experiment. The result is
shown above in Fig 4.23.

Fig. 4.24 Desalination cell SSC due to the effect of NaCl concentration
Also for electrical current the effect of NaCl concentration is important. Current same as
other properties reduced, however there was fluctuation in 4 and 10 g/l of NaCl concentration. The
result had more stability for 2 and 6 g/l. Moreover, in 6 g/l of concentration, current had lowest
amount and at the end of the experiment the current was close to 0. The Fig 4.24 is shown above
the results.
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4.3.1.5 Effect of various deicing salts on desalination in a batch regime with mixing
Sodium chloride is not the only type of road salt being used for deicing. The list of salts used is shown
in Table 4.2. Some of the salts are used as anti-caking, dust suppressants or pre-wetter additives, whereas,
others are more applicable in the colder winter environment. Road salt alternatives such as beet juice or cheese
brine have been implemented in some municipalities to lessen the impact of chloride contamination and its
effects on the environment.

Fig. 4.25 Conductivity decrease due to the effect of various deicing salt
As we studied, the conductivity reduced gradually in both regimes (batch and batch with
mixing) for all salts. However, the most significant reduction was for NaCl. Also, NaCl showed
better reduction conductivity in mixing, which shows more reduction for conductivity. Generally
speaking, the results illustrated that mixing caused slightly lower conductivity for all salts in
comparison with batch regime. Fig. 4.25 indicates the result for conductivity.

100

Fig. 4.26 Salinity decrease due to the effect of various deicing salt
Salinity had reduction in batch regime regarding to paper 1 and here we can find out in
mixing situation the results are quite similar but only the rate of reduction is higher in comparison
with batch regime. Moreover, NaCl in mixing situation had the highest reduction rate in
comparison with other salts with gradual reduction rate. Fig 4.26 illustrates the results for salinity.
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Fig. 4.27 pH decrease due to the effect of various deicing salt
For pH the results are different from one salt to another salt. For all salts the initial pH was
between 6-7. Interestingly enough however, most of the salts had increases in pH to create less
acidic environment. In addition, they had slight increase in pH in mixing to create weak acidic
environment. NaCl create a weaker acidic environment over the period of 8 hours and it had the
highest increases in pH.
Despite the various salts used in aqueous solutions, voltage had reduction gradually in the first
8 hours. However, the CaCl2 salt open cell voltage of the system reduced significantly in
comparison to other salts , but they all started about 1450 – 1500 mV for the 3-compartment
NaBH4/Salt/H2O2. After 12 hour run, the OCV remained between 300 to 600 mV for different salts
used. The result is shown below in Fig 4.28.
For the current the effect of salt type is as important as other parameters changes. Current same
as other properties is reduced, however CaCl2 had the lowest current than other salts. The result
had more stability for NaCl and KCl. The rate of change in current was somewhat similar as the
slope of the curves shown in Fig 4.29 below.
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Fig. 4.28 Desalination cell OCV due to the effect of various deicing salt
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Fig. 4.29 Desalination cell SSC due to the effect of various deicing salt
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4.3.1.6 EDC in the Batch Regime with Mixing Summary

•

10 ml/min flowrate is the best TDR = 1.34 mS/cm.hr in the batch regime with mixing
among the various flowrates.

•

H2SO4 catholyte acidifying is the best TDR = 2.90 mS/cm.hr in the batch regime with
mixing among the various acids.

•

NaCl salt type is the best TDR = 2.20 mS/cm.hr in the batch regime with mixing among
the various salt type.

•

1.0 molar [NaBH4] concentration is the best TDR = 2.40 mS/cm.hr in the batch regime
with mixing among the various NaOH concentration.

•

8 g/L deicing NaCl concentration is the best TDR = 3.67 mS/cm.hr in the batch regime
with mixing among the various NaCl concentration.
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4.3.2 INVESTIGATION OF ELECTROCHEMICAL DESALINATION CELL (EDC)
OPERATING IN THE CONTINUOUS REGIME
This section covers the performance of 3-compartment electrochemical desalination cell (EDC) in
the continuous regime for NaBH4/H2O2. These studies included: a) varying anolyte base solution
concentrations; b) varying catholyte acidifying solution; c) varying pump flowrates; d) varying NaCl
concentration in the middle compartment; and e) varying deicing salt type in the middle compartment.
4.3.2.2 Effect of Flowrate on desalination in the continuous regime
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Fig. 4.30 Conductivity change due to the effect of four different flowrates
As shown in Fig. 4.30, the 1.00 ml/min flowrate produced lower conductivity than other flowrates
following an 3-hour run after steady state is reached. Readings were taken every 0.5 hours and the reaction
parameters are shown in Table 4.1. The NaCl concentration (~8-9 g/L) in deionized water showed an average
conductivity of 12.90 mS/cm. The final conductivities were 7.45, 7.32, 8.10 and 7.67 mS/cm for 0.20 ml/h,
0.50 ml/h, 1.00 ml/h and 1.40 ml/h, respectively.
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4.3.2.3 Effect of catholyte acidifying solution on desalination in the continuous regime
Sodium chloride is not the only type of road salt being used for deicing. Some of the salts shown
below are used as anti-caking, dust suppressants or pre-wetter additives; whereas, others are more applicable
in the colder winter environment. Road salt alternatives such as beet juice or cheese brine have been
implemented in some municipalities to lessen the impact of chlorides contamination and its effects on the
environment.
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Fig. 4.31 Conductivity change due to the effect of catholyte acidifying solutions (H2SO4, HCl, H3PO4 and
CH3COO)
When comparing different deicing salts that are used on the market, H2SO4 showed lower
conductivity drop in comparison with HCl, H3PO4 and CH3COO at the 3-compartment cell. The conductivity
rate change is 0.61 – 0.92 mS/(cm.h) for all salts. The H2SO4, HCl, H3PO4 and CH3COO starting
conductivities were 10.66 and 7.74 mS/cm and reached final conductivities of 8.09 and 4.22 mS/cm,
respectively.
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4.3.2.3 Effect of salt type on desalination in the continuous regime
For standard chemicals used, NaBH4 (in basic solution) was investigated with 30%v/v M H2O2 (in
acidic solution). For an oxidant, the use of peroxide is easier for handling and uses specialized
equipment/membrane such as oxygen/air tanks, which requires planning, handling with care and its lengthy
preparation. Moreover; the peroxide offers higher net voltage, which has made it more appealing for the
experiment.
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Fig. 4.32 Conductivity change due to the effect of various salt types
As shown in Fig. 4.32, the KCl salt produced lower conductivity than other salts following an 3hour run after steady state is reached. Readings were taken every 0.5 hours and the reaction parameters. The
final conductivities were 8.24, 7.42, 10.60 and 4.17mS/cm for NaCl, KCl, CaCl2 and MgCl2, respectively.
The MgCl2 desalination was the worse, slightly better than CaCl2.
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4.3.2.4 Effect of NaOH Concentration on desalination in continuous regime
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Fig. 4.33 Conductivity change due to the effect of NaOH concentration (0.5 M, 1 M, 2 M and 4 M).
As shown in Fig. 4.33, the 1.00 ml/min flowrate produced lower conductivity than other flowrates
following an 3-hour run after steady state is reached. Readings were taken every 0.5 hours and the reaction
parameters. The NaCl concentration (~8-9 g/L) in deionized water showed an average conductivity of 12.90
mS/cm. The final conductivities were 7.45, 7.32, 8.10 and 7.67 mS/cm for 0.20 ml/min, 0.50 ml/min, 1.00
ml/min and 1.40 ml/min, respectively.
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4.2.2.6 Effect of Salt Concentration on desalination in continuous regime
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Fig. 4.34 Decrease in conductivity of various salt compounds (CaCl2, KCl, MgCl2 and NaCl)
As shown in Fig. 4.34, the 1.00 ml/min flowrate produced lower conductivity than other flowrates
following a 3-hour run after steady state is reached. Readings were taken every 0.5 hours and the reaction
parameters are shown in Table 4.1. The NaCl concentration (~8-9 g/L) in deionized water showed an average
conductivity of 12.90 mS/cm. The final conductivities were 7.45, 7.32, 8.10 and 7.67 mS/cm for 0.20 ml/min,
0.50 ml/min, 1.00 ml/min and 1.40 ml/min, respectively.
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4.2.2.7 Open cell voltage (OCV) in Continuous Regime
In a galvanic cell, the OCV is supposed to approach the cell electromotive force (emf), but it never
does, due to potential losses mostly from entropy and non-standard conditions losses. The time reaching a
steady OCV was over 2 hours for each experiment and the reaction parameters are shown in Fig. 4.35. As the
cell we setup illustrates a battery-like existence, the open cell voltage profile accounts for internal losses
occurring within the cell. The internal resistor plot is shown in Fig. 4.35 with a peak of 1.5 V ± 0.1 and it
stabilized at 1.4 V ± 0.1.
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Fig. 4.35: Open circuit voltage (OCV) of continuous EDC
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4.2.2.8 pH of EDC in continuous regime
The pH in the middle compartment liquid is shown in Fig. 4.36. At a starting point, the pH of low
NaCl solution was around 4.4.2.9. Due to membrane exchanges on either side into the middle compartment,
the pH decreases which is an obvious sign that the H+ ions are diffusing in at a much greater rate than OHions. The concern of membrane crossover was a subject to several studies as it affects oxidant and fuel
utilization in desalination cell. The concern for liquid having high or low pH is that it cannot be dispensed
directly into the environment and neutralization is needed. Fig. 4.36 shows that the maximum pH is 7.37 and
it stabilized at 1.99. The allowable pH limit, according to Environment Canada is 7 – 10.5.
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Fig. 4.36: pH in middle compartment of continuous EDC.
The pH is acidic due to the formation of hydrochloric acid (HCl) from H+ and Cl-. The Cl- ion are
already disassociated in water with the salt and H+ ion enter the middle compartment through cation exchange
membrane with sodium ions. The pH stabilizes around 2 following a 2 hour stabilization and slightly
decreases with time.
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4.3.2.10 EDC in the Continuous Regime Summary
In the various studies conducted in the research, the table below compares the conductivity desalination
rate.

•

0.18 m/hr flowrate is the best TDR = 31.3 mS/cm.hr in the continuous regime among the various
flowrates.

•

H2SO4 catholyte acidifying is the best TDR = 13.9 mS/cm.hr in the continuous regime among the
various acids.

•

KCl salt type is the best TDR = 15.3 mS/cm.hr in the continuous regime among the various salt type.

•

1.0 molar [NaOH] type is the best TDR = 13.9 mS/cm.hr in the continuous regime among the various
NaOH concentration.

•

8 g/L deicing salt type is the best TDR = 13.9 mS/cm.hr in the continuous regime among the various
deicing salts.
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4.4 CONCLUSION
Road salt has an environmental impact on the environment. On an average approximately 5 million
tonnes of road salt is applied every year on Canadian highways annually.
Similar to previous work, the study of a 3-compartment electrochemical desalination cell
was considered to reduce NaCl(aq) (model of road salt) through the utilization of NaBH4/H2O2 redox
reaction. However, the batch regime with mixing was studied for faster desalination and also exploring
of additional five different sets of parameters. Over approximately maximum of 7-hour runtime, the total
desalination rate (TDR) for NaCl was 2.4 times better for batch regime with mixing (1.65 ppt/hr) in
comparison to batch regime (0.70 ppt/hr) alone.
In comparable work, a 3-compartment electrochemical desalination cell (EDC) was studied
utilizing the energy from NaBH4/H2O2 redox reaction in the continuous regime. Five different sets of
parameters in the continuous regime were examined. These studies included: a) varying anolyte base
solution concentrations; b) varying catholyte acidifying solution; c) varying pump flowrates; d) varying
NaCl concentration in the middle compartment; and e) varying deicing salt type in the middle
compartment. Desalination rate is fastest with continuous regime, where on average the total desalination
rate (TDR) for NaCl was 7.6 times better for continuous regime (5.32 ppt/hr) in comparison to batch
regime (0.70 ppt/hr) alone.
By operating at batch regime with mixing and continuous regimes, the results have
demonstrated that desalination rates are improved for NaBH4/H2O2 process, which would help in cost
savings for on-site operation in the future. Future pilot plant cost feasibility studies is recommended for
3-compartment electrochemical desalination cell through the utilization of NaBH4/H2O2 redox reaction
in the continuous regime. This work focused on operation regimes alone for optimization of the system.
Further optimizations can be considered, but not limited to ion exchange membrane materials,
construction cell or the addition of controls (to name a few).
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Chapter 5
Investigation of Batch Hybrid Microbial
Desalination Cell (MDC)
5.1 INTRODUCTION:
Microbial desalination cell (MDC) is a newly developed technology, which has been
intensively researched for maximizing its potential. Saline water desalination is the primary target;
however, wastewater treatment and electricity generation are among the benefits of successful
well-designed systems.
MDC consists of three compartments: desalination cell and anode/cathode compartments
on both sides. The dividing walls are membranes for exchanging ions, also known as cation and
anion exchange membranes. One of the first 3-chambered MDC studies4 used sodium acetate as
substrate at the anode instead of wastewater from industrial disposal. This proof-of-concept smallscale laboratory reactor has achieved up to 90% salt removal at 9:1:9 volume ratios for anode:
salty water: cathode configuration.
The bioelectricity generated varies from different substrates (dewatered, synthetic or nonsynthetic). Simultaneous removal of multiple pollutants observed during MDC operation might be
attributed to one or all of the unit operations of wastewater treatment viz., biological treatment
(anaerobic), electrolytic dissociation, and electrochemical oxidation.
A modification of MDC or the biocathode MDC are efficient methods for treating brackish
and seawater because the electroactive bacteria in the biofilm formed on the cathode as catalysts
can promote a reductive-oxidative reaction on the cathode. High TDR and salt removal rate
(approximately 92%) was achieved for biocathode MDC, where sodium acetate in nutrient
phosphate buffer solution was used. This reported study compared 2 other biocathodes (including
ferricyanide), where TDR was somewhat close to one another.
An approach of biocathodic MDC can involve microbes such as Leptospirillum. Over the
past few decades the various genus of Leptospirillum has significantly become attractive as
substitute iron oxidizers. It has an innate affinity to attach to the sites of activated carbon’s surface
imperfections and consequently, enhanced immobilization leads to increased iron oxidation.
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Without a doubt these traits make the Leptospirillum species a particular candidate for the
development of new technologies based on the biological ferrous iron oxidation process. The
reason of importance of other examples for biological oxidation of ferrous ions by this bacterium is
development of acid mine drainage treatment, bioleaching of metal, and elimination of hydrogen
sulfide from sour gas.9, 10 and the immobilized soil bioreactor explained by Karamanev et al.
(1997).11-17
In this study, the performance of 3-compartment microbial desalination cell (MDC) was
examined in the batch regime. First, sodium acetate was used as an anolyte and K3Fe(CN)6 as a
catholyte in a hybrid chemical/microbial cell configuration. Secondly, a biocathodic configuration
was investigated with iron oxidizing Leptospirillum as the biocathode. Several parameters were
studied such as salt type, salt concentration and anodic/cathodic compartment concentration. This
process holds a promise as sustainable approach for road salt desalination.
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5.2 MATERIALS AND METHODS:
The hybrid electrochemical cell was studied in three different ways. In the first method, the anode
compartment had wastewater containing microbes. The wastewater was obtained from Dr. Bassi’s
laboratory (UWO). The studied compared MDC to the EDC’s work in Chapter 3. In the second method, the
cathode compartment contained Leptospirillum ferriphilum in ferric sulfate medium obtained from Dr.
Karamanev’s biogenerator lab (UWO). Initially cell was operated “offline” for its desalination efficiency
prior to “inline” attachment to a Leptospirillum bioreactor.

•

EDC CELL
The EDC is as described in Chapter 3.

•

HYBRID MDC CELL (Anolyte configuration)
The hybrid MDC was shown in Fig 5.2 In this cell, the anolyte contained wastewater in sodium

acetate medium, while the catholyte contained K3Fe(CN)6. Sodium acetate (Caledon, 99.99 wt.%) was used
as received and all solutions were prepared using deionized water. The anolyte was prepared with sodium
acetate (1.6 g/L) substrate in a nutrient buffer solution containing (per liter in deionized water): 4.4 g/L
KH2PO4, 3.4 g K2HPO4•3H2O, 1.5 g NH4Cl and 0.1 g MgCl2•6H2O. Trace metal: FeCl3 (0.194 g/L), MnCl2
(0.082 g/L), CoCl2 (0.16 g/L), Na2MoO4.2H2O (0.008 g/L), and ZnCl2 (0.005 g/ L). 10v/v% of wastewater
from Dr. Bassi (UWO) was added containing mixed cultures of microbes.
The catholyte was prepared with K3Fe(CN)6 (16.5 g/L) in aqueous solution. Electrode used in anolyte
was carbon brushes; whereas the catholyte used the same electrode (Pt/C) and ion exchange membranes
(AMI-7001 and CMI-7000) described in Chapter 3. Table 5.1 describes the detailed summary of materials
used.

•

HYBRID EDC/MDC CELL (Offline and Inline)

The chemicals were purchased from different vendors. The NaBH4 (99 wt.%) and NaOH
(97 wt.%) used as anolyte. The catholyte contained ferric sulfate solution with Leptospirillum ferriphilum

microbes. Carbon felt electrode used in catholyte solution; whereas, the anolyte solution used Pt/C.
AMI-7001 and CMI-7000 were used as separators as ion exchange membranes. Table 5.1 describes the
detailed summary of materials used.
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Table 5.1: Studies Description of Parameters
A
Electrochemical
Desalination
Cell (EDC)
1M NaBH4 + 1M NaOH
Anolyte:
(1:1)
30%v/v H2O2+ 1M H2SO4
Catholyte:
(1:2.5)
None
Microbes

B
Microbial Desalination Cell
(MDC)

C
Hybrid (MDC)/
EDC

Sodium Acetate (10%
wastewater Inoculum)
K3Fe(CN)6

1M NaBH4 + 1M NaOH
(1:1)
Fe2(SO4)3

AMI-7001
CMI-7000

Mixed Culture from
Farm Wastewater
AMI-7001
CMI-7000

Leptospirillum
ferriphilum
AMI-7001
CMI-7000

Platinum-carbon (Pt/C)

Carbon Brush

Platinum-carbon (Pt/C)

Platinum-carbon (Pt/C)

Platinum-carbon (Pt/C)

Carbon Felt

25°C

25°C

25°C

Batch

Batch

Batch (Offline)
Semi Continuous
(Inline)

AEM:
CEM:
Electrode
@anode:
Electrode
@cathode:

Temperature:

Regime:

5.2.2

BACTERIAL CULTURE AND GROWTH MEDIA

The wastewater for the first study was from a local farm treating manure waste aerobically.
The main source of the microbial culture, Leptospirillum ferriphilum, utilized in the second
study was obtained from acid mine drainage of Iron Mountain Mine (Redding, CA), and has
been cultured in the Dr. Karamanev laboratory (UWO) since 2005. Solutions with required
total iron concentration were prepared by dissolving an appropriate mass of analytical-grade
FeSO4.7H2O in deionized water, and then pH was adjusted with concentrated H2SO4.
5.2.3

DESALINATION CELL DESCRIPTION OF HYBRID MDC

Fig. 5.1 shows the design of the desalination cell in this work and design details are
described in Chapter 3.
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Fig. 5.1 3-compartment NaBH4/Iron batch cell attachment to bioreactor in Fig. 5.3.

Fig. 5.2: Schematic of C2H3NaO2/ K3Fe(CN)6 desalination cell for Hybrid MDC
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5.2.4

LABORATORY SCALE AIRLIFT BIOREACTOR FOR HYBRID EDC/MDC CELL

This system is adapted from work by Glas J. et al, 2019. According to the work,
the ALR (airlift reactor) with a biological medium containing Leptospirillum ferriphilum at conditions
encountered in normal operation of the BioGenerator consisted of a rectangular cross-section with an
Ad/Ar ratio of 2 to 1. The physical construction of the reactor represented a segment of a 600 L
bioreactor allowing for bench-scale experimentation with results relatable to a full sized reactor. The
reactor was constructed with 3 mm thick acrylic glass with internal cross-sectional measurements of 4.4
x 4.4 cm on the downcomer and 2.2 by 4.4 cm on the riser. Top and bottom opening heights were set at
4 cm and 5 cm respectively. Total height of the reactor was 90 cm with a typical non-aerated liquid
height of 76 cm giving a liquid volume of approximately 2.2 L. A rigid PTFE sparger consisting of ten
2 mm orifices and spaced 2 mm apart was placed at the riser bottom with holes facing down. A biofilm
support packing was placed in the downcomer consisting of 2 in. polypropylene glass-filled Jaeger TriPacks (Raschig Jaeger Technologies, Ludwigshafen, Germany) spheres with a geometric surface area
of 280 m2 m-3, 90% void space and a bulk density of 99 kg m-3. The bioreactor was submerged in a water
bath maintained at 40 °C, producing an internal temperature of 33 °C in operation.
The liquid biological medium consisted of technical grade ferrous sulfate (Caledon Laboratory
Chemicals) dissolved in acidified (H2SO4) water containing 9 K nutrient salts (Pupkevich, 2014) and
filtered. The solution contained an iron ion concentration of 50 g L-1 acidified to pH 0.6 with
concentrated sulfuric acid (Caledon Laboratory Chemicals). The solution was entered into the
bioreactor and inoculated with 50 mL of Leptospirillum ferriphilum culture. Filtered air was fed into the
bioreactor operating in batch regime at 1.0 VVM. Over the course of a week the microbial culture was
allowed to develop and fully consume all ferrous iron, converting it to ferric iron and raising the pH of
solution which was readjusted to a final value of pH 0.8.
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Fig. 5.3 Schematic of “Inline” 3-compartment NaBH4/Iron bio-oxidation desalination cell.
Below are the general electrochemistry for all system process for EDC, Hybrid MDC and Hybrid
EDC/MDC.

5.2.5

GENERAL ELECTROCHEMISTRY FOR AIRLIFT REACTOR (ALR)

The half-cell reactions in the airlift reactor two half-cell reactions are shown below, (5-1) through (5-3):
For the direct reduction of O2 to H2O:
Anode: ½ O2 + 2H+ + 2e-  H2O; E°C = 1.23 V vs. SHE

(5-1)

For the direct oxidation of Fe+2 to Fe+3:
Cathode: 2Fe-+2  2Fe+3 + 2e- ; E°A = -0.77 V vs. SHE

(5-2)

Overall:
½ O2 + 2Fe+2 + 2H+  2Fe+3 + H2O; E°Cell = 2.00 V vs. SHE
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(5-3)

5.2.6

GENERAL ELECTROCHEMISTRY FOR HYBRID MDC

The following are the half-cell equations for the general scheme of MDC47-55. The equations
below are an example of redox reactions of sodium acetate C2H3NaO2 and potassium ferricyanide
K3Fe(CN)

6

Anode: (CH2O)n+nH2O→nCO2 +4ne−+4nH+
Glucose: (CH2O)6 +6H2O→ 6CO2+24e-+24H+; E°C = 0.430 V vs. SHE

(5-4)

Cathode: K3Fe(CN) + 2H+ + 2e-  2H2O; E° = 1.78 V vs. SHE
-3

-

6

-4

Fe(CN) + e  Fe(CN) ; E° = -0.361 V vs. SHE
6

6

C

(5-5)

Overall:
24Fe(CN)6-3 + (CH2O)6 + 6H2O  6CO2 + 24Fe(CN)6-4 + 24H+ ; E°Cell = 0.791 V

5.2.7

(5-6)

GENERAL ELECTROCHEMISTRY OF HYBRID EDC//MDC

The half-cell reactions of the NaBH4/Fe2(SO4)3 fuel cell reactions are shown below:
Cathode:
For the direct reduction of Fe+3 to Fe+2,
8Fe+3 + 8e-  8Fe+2; E° C = 0.77 V vs. SHE

(5-7)

Anode:
For the direct oxidation of BH4- to BO2-: In a basic medium (containing 1M NaOH),
BH4- + 8OH-  BO2- + 6H2O + 8e- ; E°A = -1.24V vs. SHE

(5-8)

Overall:
NaBH4 + 8Fe(OH)3  NaBO2 + 6H2O + 8Fe+2; E°Cell = 2.01 V vs. SHE
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(5-9)

5.2.8

ANALYTICAL MEASUREMENTS FOR EDC AND HYBRID MDC

The voltage was recorded using a digital multimeter (Klein Tools, MM400); whereas, the current
equation is defined as: I = V/R (defined as Ohm's law). Salinity removal were recorded using a
salinity pen (SPER Scientific, model #850036). Electrical conductivities (ᴋ) were recorded using a
conductivity meter (Cole-Parmer, model #19815-00). Conductivity meter with conductivity probe
(Cole-Parmer, 011050) was calibrated biweekly with 100μS, 1413μS and 12.9mS OrionTM
standards. A pH meter (Thermo Scientific, Orion 3 Star) was used also. The pH meter was calibrated
each time with pH 4.01, 7.00 and 10.01. The conductivity rate (Δᴋ, %) was calculated by Δᴋtotal =
(ᴋout - ᴋin)/ ᴋin, where ᴋin and ᴋout are the initial and the final conductivity of saltwater in the middle
compartment.
5.2.9

ANALYTICAL METHOD FOR TOTAL FE AND FE IONS

The [Fe3+]/[Fe3+ +Fe2+] ratio was determined with a Varian Cary 50 UV spectrophotometer
(Karamanev et al., 2002). When this ratio was constant, it served as an indirect determinant of steady
state bacterial concentrations. At constant cell concentration in the bioreactor liquid medium and the
outlet was subsequently connected to the bioreactor.
In order to confirm the iron is not passing to the desalination compartment through the cation
exchange membranes, spectrometer measurements through redox potential measurements at both
the catholyte and desalination compartments for Hybrid EDC/MDC (NaBH4/ /NaCl/ Fe+3) batch cell
were analyzed. The samples were collected over 18-hour run periods in the batch regime “offline”
setup. Catholyte and middle compartment iron concentrations (Total Fe, Fe2+ and Fe3+) was
analyzed with both CEM SelemionTM HSF and CMI-7000TM during experiment run in 3compartment cell.
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5.2.10 EXPERIMENTAL PROCEDURE
Several parameters were investigated. First the hybrid MDC containing wastewater was
compared with the EDC described in Chapter 3. The parameters studied included salinity,
conductivity, pH, OCV and current in 3-compartment cell containing microbes from wastewater
stream in sodium acetate (C2H3NaO2) medium at the anode and K3Fe(CN)6 at the cathode with salt
solution in the middle compartment. Secondly, the hybrid EDC/MDC cell containing the anolyte
from the EDC described in Chapter 3 and catholyte compartment with iron oxidizing bacteria,
Leptospirillum ferriphilum.
With “offline” attachment to the bioreactor, the desalination compartments for Hybrid
EDC/MDC batch cell is investigated with 3 sets of different parameters. First, the cation exchange

membranes (CMI-7000 and SelemionTM HSF) were investigated in this 3-compartment cell, while,
the anion exchange membrane (AMI-7001) stayed the same. Second, four different ratios (1:1,
1:2, 1:3, 1:4 NaBH4:NaOH ratio) in the anolyte compartment were examined. Third, the Iron
Sulfate concentration (Fe2(SO4)3) concentration at the catholyte in a 3-compartment desalination
cell was studied. The investigation covered four (4) different concentrations (10 g/L; 20 g/L; 30
g/L; and 40 g/L).
With “inline” attachment to the bioreactor, the desalination compartments for Hybrid
EDC/MDC batch cell is investigated with 3 sets of different parameters. First, the different NaBH4

concentrations (1.0, 1.5 and 2.0 M) in the anolyte compartment were studied. Second, the different
concentrations (10 g/L, 15 g/L and 35g/L) for NaCl (modeled as road salt) were studied. The 35g/L
NaCl is equal to seawater concentration Third, common deicing agents (NaCl(aq); KCl(aq);
MgCl2(aq); and CaCl2(aq) were also investigated parameters .
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5.3 RESULTS AND DISCUSSION

5.3.1

MDC VS. EDC SALINITY REDUCTION

Fig. 5.4 compares MDC and EDC for salinity in 3-compartment cell containing microbes from
wastewater stream in sodium acetate C2H3NaO2 medium at the anode and K3Fe(CN)6 at the cathode with salt
solution in the middle compartment. After 150 hours, the MDC salinity decreases towards 0; whereas EDC is
much faster and desalinate the salt (NaCl) in the middle compartment much faster (within 10 hours)
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Fig 5.4: Salt salinity comparison of MDC and EDC systems with NaCl salt
The salinity rate for EDC is 0.70 g/L/hr; whereas, MDC’s salinity desalination rate 0.20 g/L/hr.
The initial salinity 9.81 g/L and final salinity was 1.88 g/L. The salt salinity increased due to concentration
gradient. The wastewater contain salt in the anolyte and catholyte which seeped into the middle
compartment. , which caused the salinity to substantially increase. The reaction parameters for EDC and

MDC are shown in Table 5.1.

127

37.5
35.0
32.5
A-Conductivity (EDC)
B-Conductivity (MDC)

30.0
27.5

Conductivity (mS/cm)

25.0
22.5
20.0
17.5
15.0
12.5
10.0
7.5
5.0
2.5
0.0
0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

150

160

Time (h)

Fig 5.5: Salt conductivity comparison of MDC and EDC systems with NaCl salt
The conductivity desalination rate for EDC is 1.21 mS/hr.cm; whereas, MDC’s conductivity
desalination rate 0.25 mS/hr.cm. The conductivity rate for EDC is 0.25 mS/cm.h. The initial conductivity is
13.46 mS/cm and final salinity was 4.53 mS/cm. The salt salinity increased due to concentration gradient.
The wastewater contain salt in the anolyte and catholyte, which seeped into the middle compartment, which
caused the conductivity to substantially increase. The reaction parameters for EDC and MDC are shown

in Table 5.1.
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5.3.2

pH IN BATCH REGIME: MDC VS. EDC

The pH in the middle compartment liquid is shown in Fig. 5.6. At a starting point, the pH of low
NaCl solution was around 6. Due to membrane exchanges on either side into the middle compartment, the
pH decreases which is an obvious sign that the H+ ions are diffusing in at a much greater rate than OH- ions.
The figure compares the pH of EDC in comparison to MDC cell constructed. Fig. 5.6 shows that the maximum
pH for EDC is around 3.25; whereas, the pH is stabilized at 2.50 after 140 hours of run. The allowable pH
limit, according to Environment Canada is 7 – 10.5.
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Fig. 5.6: pH in middle compartment of Batch MDC.
The pH stabilizes around 2.5 following a 140-hour stabilization and slightly decreases with time.
Measurements were taken after 12-20 hour intervals. The reaction parameters for EDC and MDC are shown
in Table 5.1. MDC’s pH was approximately fully stable at 3.2.
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5.3.3

OCV IN BATCH REGIME: MDC VS. EDC

In a galvanic cell, the OCV is supposed to approach the cell electromotive force (emf), but it never
does, due to potential losses mostly from entropy and non-standard conditions losses. The time reaching a
steady OCV was 50mV over 140 hours for microbial desalination cell as shown in Fig. 5.7. As the cell we
setup illustrates a battery-like existence, the open cell voltage profile accounts for internal losses occurring
within the cell. The EDC peak OCV is around 1540 mV; however, the MDC OCV is approximated 600 mV
as shown below. The EDC desalination is quicker while the MDC operation is much slower with parameters

shown in Table 5.1.
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Fig. 5.7: Open circuit voltage (OCV) of Batch MDC
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5.3.4

SHORT CIRCUIT CURRENT IN BATCH REGIME: MDC VS. EDC

The short circuit current (SCC) was the lowest with MDC in comparison to EDC.
The best desalination is achieved with the highest desalination. The SC current decreased
with time following run and rate of reaction was best with electrochemical desalination cell
(EDC) with parameters shown in Table 5.1.
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Fig. 5.8: Current of Batch MDC in the middle Compartment
The peak EDC SSC is around 115 mA; however, the peak MDC SSC is approximated 1.5
mA as shown above.
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5.4 RESULTS AND DISCUSSION – HYBRID EDC/MDC CELL
5.4.1 Effect of membrane on desalination - OFFLINE
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Fig. 5.9 Salt conductivity changes using two different CEMs with the same AEM.
The SelemionTM HSF reduces the amount of waste acid by transporting many water molecules
with hydrogen ions during electrolysis using perfluorosulfonic acid polymer as the thick CE
layer.14 CMI-7000 is a strong acid cation exchange membrane made from gel polystyrene cross linked with
divinylbenzene with sulphonic acid functional group.
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Fig. 5.10 Change in salinity of two different CEMs with the same AEMs
The conductivity in the middle compartment is at the highest desalination rate with the
CMI-7000 membrane instead with SelemionTM HSF. The highest rate is 1.607 mS/cm.hr with
CMI-7000; whereas, the lowest rate is 1.0214 mS/cm.hr with SelemionTM HSF. Due to ionic
solution resistance, the desalination rate is higher with the lowest concentration. Similarly, for the
same reason, the highest rate is 1.108 g/L/hr. with CMI-7000 membrane; whereas, the lowest rate
is 0.7044 g/L/hr. with SelemionTM HSF.

133

5.4.2 Effect of NaBH4:NaOH ratio on desalination - OFFLINE
With offline attachment to the bioreactor, the desalination compartments for
NaBH4/NaCl/Fe+3 batch cell is investigated with different parameters.
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Fig. 5.11 Conductivity change in middle compartment with various NaOH:NaBH4 ratios
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Fig. 5.12 Salinity change in middle compartment with various NaOH:NaBH4 ratios

The conductivity in the middle compartment is at the highest desalination rate with the 1:1
NaOH:NaBH4 volume ratio. The highest rate is 2.450 mS/cm.hr with 1:1 NaOH:NaBH4 volume
ratio; whereas, the lowest rate is 1.537 mS/cm.hr with 4:1 NaOH:NaBH4 volume ratio. Due to higher
activity from fuel in solution, the desalination rate is higher than with the lower fuel concentration.
Similarly, for the same reason, the highest rate is 1.667 g/L/hr. with 1:1 NaOH:NaBH4 volume ratio;
whereas, the lowest rate is 1.060 g/L/hr with 4:1 NaOH:NaBH4 volume ratio.
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5.4.3 Effect of Iron Sulfate Concentration (Fe2(SO4)3) on desalination - OFFLINE
With offline attachment to the bioreactor, the desalination compartments for NaBH4/NaCl/Fe+3
batch cell is investigated with different parameters.
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Fig. 5.13 Conductivity change in middle compartment with various Fe2(SO4)3 Concentrations
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Fig. 5.14 Salinity change in middle compartment with various Fe2(SO4)3 Concentrations
The conductivity in the middle compartment is at the highest desalination rate with the
lowest Ferric Sulfate concentration. The highest rate is 2.205 mS/cm.hr with 10 g/L ferric sulfate
concentration; whereas, the lowest rate is 1.3972 mS/cm.hr with 40 g/L ferric sulfate concentration.
Due to ionic solution resistance, the desalination rate is higher with the lowest concentration.
Similarly, for the same reason, the highest rate is 1.521 g/L/hr. with 10 g/L ferric sulfate
concentration; whereas, the lowest rate is 0.963 g/L/hr with 40 g/L ferric sulfate concentration.
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5.4.4 Effect of NaBH4 concentration on desalination - INLINE
With inline attachment to the bioreactor, the desalination compartments for NaBH4/NaCl/Fe+3
batch cell is investigated with different parameters.
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Fig. 5.15 Conductivity change in middle compartment with various NaBH4 concentration

138

7

12.50
12.00
11.50
11.00
10.50
10.00
9.50
9.00
8.50
8.00
7.50
7.00
6.50
6.00
5.50
5.00
4.50
4.00
3.50
3.00
2.50
2.00
1.50
1.00
0.50
0.00

Salinity - 1.00M [NaBH4]
Salinity - 1.50M [NaBH4]

Salinity (g/L)

Salinity - 2.00M [NaBH4]

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

6

6.5

Time (h)

Fig. 5.16 Salinity change in middle compartment with various NaBH4 concentration
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7

5.4.5 Effect of salt (NaCl) concentration on desalination - INLINE
With inline attachment to the bioreactor, the desalination compartments for NaBH4/NaCl/Fe+3
batch cell is investigated with different parameters.
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Fig. 5.17 Conductivity change in middle compartment with various salt concentration
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Fig. 5.18 Salinity change in middle compartment with various salt concentration
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5.4.6 Effect of various deicing salts on desalination - INLINE
With inline attachment to the bioreactor, the desalination compartments for NaBH4/NaCl/Fe+3
batch cell is investigated with different parameters.
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Fig. 5.19 Conductivity change in middle compartment with various salt concentration
Noticeably, the conductivity decreased with time as seen in Fig. 5.19. CaCl2 and MgCl2 had
shown lower desalination rates based on the experimental results and highest standard deviation;
whereas, NaCl, and KCl have shown were higher conductivity reductions at the middle slot of the 3compartment cell. The conductivities rates were 1.08, 1.15, 0.86 and 0.84 mS/cm.hr for NaCl, KCl,
MgCl2 and CaCl2, respectively.
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Fig. 5.20 Salinity change in middle compartment with various salt concentration
Similarly, CaCl2 and MgCl2 had shown lower desalination rates based on the experimental results and
highest standard deviation; whereas, NaCl, and KCl have shown were higher conductivity reductions at the
middle slot of the 3-compartment cell. The salinity desalination rates were 0.74, 0.79, 0.60 and 0.58 g/L/hr
for NaCl, KCl, MgCl2 and CaCl2, respectively.
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5.4.7 pH of Hybrid EDC/Microbial Fuel Cell (MDC) in Batch Regime
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Fig. 5.21 pH change in middle compartment for NaBH4/Fe2(SO4)3 cell

The pH in the reduction compartment liquid is shown in Fig. 5.21. The initial pH was around
5.60 – 6.0. After 6 hour of run time, the pH has increased to basic levels and ranged between 9.5 and
10.0. The anolyte has affected the pH in the middle compartment, since the NaOH in solution is
more dominant effect due to the exchange between the OH- and Cl- ions
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5.4.8 Open Cell Voltage (OCV) of Hybrid EDC/Microbial Fuel Cell (MDC) in Batch Regime
The time-lapse of OCV was over 6 hour for cathodic microbial desalination cell (cMFC) and the
reaction parameters are shown in Fig 5.22 with a peak of 1.6 V ± 0.1. The voltage decreases with time
following run and remains somewhat steady for up to 2 hours. After 6 hours, the voltage is
approximately around 400 mV.
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Fig. 5.22: Open cell voltage (OCV) change in middle compartment for NaBH4/Fe2(SO4)3 cell
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5.4.10 Short Circuit Current (SSC) of Hybrid EDC/MDC in Batch Regime
The short circuit current values is shown in Fig. 5.23. The SSC peak at approximately 90 mA and
drops down to around 10 mA after 6 hours. The current decreased with time following run and rate

of reaction.
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Fig. 5.23: Short cell current change in middle compartment for NaBH4/Fe2(SO4)3 cell
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5.4.11 IRON AND SALT CONCENTRATION ANALYSIS - OFFLINE
The road salt chemical lab analysis for Hybrid EDC/MDC (NaBH4/ /NaCl/ Fe+3) batch cell
were conducted to confirm the iron is not passing to the desalination compartment through the
cation exchange membranes. The run conditions are shown on figures below.
5.4.11.1 Catholyte Fe Concentrations for SelemionTM HSF – “Offline”:
The Fe+2 started to appear in solution after 4 hour run and increased gradually to ~10 g/L.
The Fe+3 dropped after 4 hours as expected and decreased to around 18 g/L. The Total Fe
decreased slightly to 28.5 g/L after 18 hour run.
5.4.11.2 Catholyte Fe Concentrations for CMI-7000 HSF - “Offline”:
The Fe+2 started to appear in solution after 2 hour run and increased gradually to ~14 g/L.
The Fe+3 dropped after 4 hours as expected and decreased to around 22 g/L. The Total Fe
decreased slightly to 36.5 g/L after 18 hour run.

Concentration (g/L)

Catholyte Compartment (SelemionTM HSF Membrane)
35.0
32.5
30.0
27.5
25.0
22.5
20.0
17.5
15.0
12.5
10.0
7.5
5.0
2.5
0.0

31.76 31.78

30.72 30.76

31.76

31.58
29.74

28.64
26.97

18.22
Fe T
Fe 2+
10.42
4.61
2.02
0.00

0.00

0

2

4

6.5

18

Time (h)

Fig. 5.24: Iron concentration in the catholyte compartment with SelemionTM HSF.
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Fe 3+

Catholyte Compartment (CMI-7000 Membrane)
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31.70
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29.74
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27.55
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Fe T

17.5

Fe 2+
14.27

15.0

Fe 3+

12.5
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2.54
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0.37

0
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4

6.5
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Fig. 5.25: Iron concentration in the catholyte compartment with CMI-7000 CEM.
5.4.11.3 Middle Fe Concentrations with SelemionTM HSF – “Offline”:
The Fe+2 started to appear in solution after 18 hour run and increased gradually to ~0.045 g/L.
The Fe+3 didn’t penetrate through even after 18 hours as expected. The Total Fe was ~0.045 g/L
after 18 hour run in correspondence Fe+2.
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Middle Compartment (SelemionTM HSF Membrane)
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Fig. 5.26: Iron concentration in the middle compartment with SelemionTM HSF.

5.4.11.4 Middle Fe Concentrations with CMI-7000 CEM - Offline:
The Fe+2 started to appear in solution after 18 hour run and increased gradually to ~0.035 g/L.
The Fe+3 didn’t penetrate through even after 18 hours as expected. The Total Fe was ~0.035 g/L
after 18 hour run in correspondence Fe+2.
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Middle Compartment (CMI-7000 Membrane)
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Fig. 5.27: Iron concentration in the middle compartment with CMI-7000 CEM.
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5.4.13 EDC VS. HYBRID MDC Summary


The salinity rate for EDC is 10 times higher than MDC based on Fig. 5.4



Similarity, the conductivity desalination rate for EDC is 10 times higher than MDC as per Fig. 5.5.



The pH stabilizes around 2.5 following a 140-hour stabilization and slightly decreases with time.
whereas, MDC’s pH was approximately 3.2.



The EDC peak OCV is around 1540 mV; however, the MDC OCV is approximated 600 mV as
shown below.



The peak EDC SSC is around 115 mA; however, the peak MDC SSC is approximated 1.5 mA as
shown below.
5.4.14 HYBRID EDC/MDC “OFFLINE” Summary



The conductivity in the middle compartment is at the highest desalination rate with the CMI-7000
membrane instead with SelemionTM HSF. The highest rate is 1.108 g/L/hr. with CMI-7000
membrane; whereas, the lowest rate is 0.7044 g/L/hr. with SelemionTM HSF.



The conductivity in the middle compartment is at the highest desalination rate with the 1:1
NaOH:NaBH4 volume ratio. The highest rate is 1.667 g/L/hr. with 1:1 NaOH:NaBH4 volume ratio;
whereas, the lowest rate is 1.060 g/L/hr with 4:1 NaOH:NaBH4 volume ratio.



The conductivity in the middle compartment is at the highest desalination rate with the lowest
Ferric Sulfate concentration. The highest rate is 1.521 g/L/hr. with 10 g/L ferric sulfate
concentration; whereas, the lowest rate is 0.963 g/L/hr with 40 g/L ferric sulfate concentration.
5.4.15 HYBRID EDC/MDC “INLINE” Summary



The salinity desalination rates were 0.74, 0.79, 0.60 and 0.58 g/L/hr for NaCl, KCl, MgCl2 and CaCl2,
respectively.



After 6 hour of run time, the pH has increased to basic levels and ranged between 9.5 and 10.0.



The voltage decreases with time following run and remains somewhat steady for up to 2 hours. After 6
hours, the voltage is approximately around 400 mV.



The SSC peak at approximately 90 mA and drops down to around 10 mA after 6 hours.



The salinity rate for Hybrid EDC/MDC (1.61 g/L.h) is 1.5x higher than EDC (1.2 g/L.h) alone.
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5.4.16 Iron and Salt Lab Concentration Analysis Summary Conducting “Offline”:



Catholyte Fe Concentrations for CEM SelemionTM HSF:
The Fe+2 started to appear in solution after 4 hour run and increased gradually to ~10 g/L.
The Fe+3 dropped after 4 hours as expected and decreased to around 18 g/L. The Total Fe
decreased slightly to 28.5 g/L after 18 hour run.



Catholyte Fe Concentrations for CEM CMI-7000:
The Fe+2 started to appear in solution after 2 hour run and increased gradually to ~14 g/L.
The Fe+3 dropped after 4 hours as expected and decreased to around 22 g/L. The Total Fe
decreased slightly to 36.5 g/L after 18 hour run.



Middle Fe Concentrations with CEM SelemionTM HSF:
The Fe+2 started to appear in solution after 18 hour run and increased gradually to ~0.045 g/L.
The Fe+3 didn’t penetrate through even after 18 hours as expected. The Total Fe was ~0.045 g/L
after 18 hour run in correspondence Fe+2.



Middle Fe Concentrations with CEM CMI-7000:
The Fe+2 started to appear in solution after 18 hour run and increased gradually to ~0.035 g/L.
The Fe+3 didn’t penetrate through even after 18 hours as expected. The Total Fe was ~0.035 g/L
after 18 hour run in correspondence Fe+2.
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5.4

CONCLUSION

Road salt causes a negative influence on biotic life forms in freshwaters as well as the deterioration of
infrastructure such as bridges and buildings through increased steel corrosion. First, a batch lab-scale
microbial desalination cell (MDC) was compared to previous work (EDC in the batch cell) to reduce the salt
by

utilizing

the

energy

from

sodium

acetate/potassium

ferricyanide

redox

reaction.

This

NaCH3COO/NaCl/K₃[Fe(CN)₆] cell was effective in desalinating NaCl (modeled road salt); however, it is
slower. The Total Desalination Rate (TDR) for EDC was 0.70 g/L/hr; whereas, MDC’s TDR was 0.20 g/L/hr.
Although this process is slower, this conventional microbial desalination cell (MDC) in the batch regime was
advantageous because it utilizes wastewater’s energy in desalination as well as the conversion of renewable

biomass resources into electricity.
Second, a lab-scale hybrid EDC/MDC was constructed to remove NaCl(aq) by utilizing the
NaBH4/Fe2(SO4)3 redox chemical reaction in the batch regime. The EDC uses the energy from NaBH4;
whereas, the microbial culture, Leptospirillum ferriphilum, was obtained from acid mine drainage being used
as catholyte. MDC Preliminary runs were “offline”; whereas, “inline” test runs were explored as soon as the
hybrid EDC/MDC was attached to the bioreactor. The “offline” studies included: a) varying CEM type; b)
varying catholyte Fe2(SO4)3 concentration and c) varying anolyte’ s NaBH4:NaOH ratio. The “inline” studies
included: a) varying anolyte’ s NaBH4 concentration; b) varying NaCl concentration in the middle
compartment; and c) varying deicing salt type in the middle compartment. The 3-compartment
(NaBH4/NaCl/Fe2(SO4)3) cell was effective in desalinating solutions both “offline” and “inline” in the batch
regime. The Total Desalination Rate (TDR) this system was 1.1 g/L/hr; whereas, MDC’s TDR was 0.20
g/L/hr.
Third, lab sample analysis showed the formation of Fe+2 ions after 4-hour run in the catholyte
compartment. Further lab sample analysis indicated only trace amount of total Fe, Fe+2 and Fe+3 leaked into
the middle compartment.
In conclusion, these results demonstrated the successful desalination operation of hybrid EDC/MDC in
the batch regime. Similarly, this work should be scaled-up to handle large contaminated sites of road salt
across the Province of Ontario. Process system’s controls may be explored to utilize the bio-generation of
electricity as well as safe handling of all wastes.
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Chapter 6
Conclusions and Recommendations

6.1 Conclusions
Road salt has an environmental impact on the environment. According to one road salt monitoring
organization, The Salt Institute, it is estimated that in North America alone, 6 million tonnes is dispersed
annually. Road salt causes a negative influence on biotic life forms in freshwaters as well as the
deterioration of infrastructure such as bridges and buildings through increased steel corrosion. The
development of desalination technology for dealing with road salt problem using electrochemical and
bioelectrochemical energy was the key objective of this research. It was discovered for the first time
that a batch lab-scale 3-compartment NaBH4/H2O2 electrochemical desalination cell (EDC) has that
capability with very high efficiency.
•

Operating in the batch regime, the CMI-7000 in combination with AMI-7001 membrane pairs
assisted in the removal of sodium ions with ~98.9%; whereas; the removal of chloride ions was
~99.8% in accordance with lab analysis. Over maximum of 9-hour runtime, the total desalination rate
(TDR) for NaCl was 0.70 ppt/hr. Additional salt solutions (modeled for road salt) such as MgCl2(aq),
CaCl2(aq) and KCl(aq) were desalination almost completely in the same lab-scale 3-compartment
electrochemical desalination cell in the batch regime. This 3-compartment cell has generated,
maximum current and power densities were 5.32 A/m2 and 2.75 W/m2 at ambient temperature,
respectively. The borohydride/peroxide cell in the batch regime has demonstrated its viability for the
desalination of salt solutions while generating electricity.
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•

Similar to previous work, the study of a 3-compartment electrochemical desalination cell was considered
to reduce NaCl(aq) (model of road salt) through the utilization of NaBH4/H2O2 redox reaction. However,
the batch regime with mixing was studied for faster desalination and also exploring of additional five
different sets of parameters. Over approximately maximum of 7-hour runtime, the total desalination rate
(TDR) for NaCl was 10 times better for batch regime with mixing (1.66 ppt/hr) in comparison to batch
regime (0.20 ppt/hr) alone.

• In comparable work, a 3-compartment electrochemical desalination cell (EDC) was studied utilizing the
energy from NaBH4/H2O2 redox reaction in the continuous regime. Five different sets of parameters in
the continuous regime were examined. Desalination rate is fastest with continuous regime, where on
average the total desalination rate (TDR) for NaCl was 7.6 times better for continuous regime (5.32
ppt/hr) in comparison to batch regime (0.70 ppt/hr) alone. By operating at batch regime with mixing and
continuous regimes, the results had demonstrated that desalination rates could be decreased for
NaBH4/H2O2, which would help in cost savings for on-site operation in the future.
•

A batch lab-scale microbial desalination cell (MDC) was compared to previous work (EDC in the batch
cell) to reduce the salt by utilizing the energy from wastewater (sodium acetate medium)/potassium
ferricyanide redox reaction. This NaCH3COO/NaCl/K₃[Fe(CN)₆] cell was effective in desalinating NaCl
(modeled road salt); however, it is slower. The Total Desalination Rate (TDR) for EDC was 0.70 ppt/hr;
whereas, MDC’s TDR was 0.20 ppt/hr. Although this process is slower, this microbial desalination cell
(MDC) in the batch regime was advantageous because it utilizes wastewater’s energy in desalination as
well as the conversion of renewable biomass resources into electricity.

•

A novel lab-scale hybrid EDC/MDC was constructed to remove NaCl(aq) by utilizing the
NaBH4/Fe2(SO4)3 redox chemical reaction in the batch regime. The EDC uses the energy from NaBH4;
whereas, the microbial culture, Leptospirillum ferriphilum, was obtained from acid mine drainage being
used as catholyte. Preliminary runs were “offline” for studying the effectiveness prior to “inline” test runs
by linking it to the bioreactor. The 3-compartment (NaBH4/NaCl/Fe2(SO4)3) cell was effective in
desalinating solutions both “offline” and “inline” in the batch regime. The Total Desalination Rate (TDR)
this system was 1.2 ppt/hr; whereas, the MDC (NaCH3COO/NaCl/K₃[Fe(CN)₆) cell’s TDR was 0.13
ppt/hr. In conclusion, these results demonstrated the successful desalination operation of hybrid
EDC/MDC in the batch regime.
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6.2 Recommendations
This research as shown significant potential. Further investigations to scaleup this study to handle
large contaminated sites of road salt should be carried out. Other areas of interest could be salt laden
ponds, tailings pond in Alberta, seawater desalination and other applications.
Further a complete microbial cell with anodic and cathodic microbial systems with different mixed
culture or bacteria such as Geobacter sulfurreducens should be investigated. Other wastewater from
chemical plants can benefit from the introduction of hybrid EDC/MDC for both bioelectricity
generation and desalination. Desalination can be expanded to handle regions around Canada.
After more bench-scale lab testing and upscale to pilot plant scale, field-testing is important for
municipalities and provincial authorities. In addition to brackish desalination investigated in this thesis,
seawater desalination is of interest for providing drinking water around oceans or rural regions.
Integration desalination for wastewater is of interest placed in front of reverse osmosis (RO) or part of
secondary treatment system of wastewater plants.
More than half of the work focused on operation regimes for study of the EDC and Hybrid
EDC/MDC systems. Further study can be considered, but not limited to ion exchange membrane
materials, construction cell or the addition of process controls (to name a few).
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APPENDIX: SUPPLEMENTARY INFORMATION
Appendix A

Fig A1: Salt used across Canada (1995 – 2009).
(Reference: Code Five-year Review of Progress: Code of Practice for the Environmental Management of Road Salts)

Fig. A2: Summary results for performance and comparison to national targets in Canada
(Reference: Code of Practice for the Environmental Management of Road Salts, Overview of Data Reported for 2014-2018 in the Context of
National Targets)
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APPENDIX B
Table B1. Chemical/physical properties of the cation exchange membrane (CEM)

Membrane type

CMI-7000

Nafion® 115

Nafion® 117

Homogeneous

Homogeneous

Homogeneous

PTFE
(dispersion-

Backbone polymer

cast)

PTFE
(extruded)

PTFE (extruded)

Grafting polymer

PFSA

PFSA

PFSA

Functional group

Sulfonic acid

Sulfonic acid

Sulfonic acid

Dry thickness (μm)

425

127

183

Hydrated thickness (μm)

450

161

208

Basis weight (g m−2)

-

250

360

Specific gravity (g cm−3)

-

1.98

1.98

Water content (%)

3

5

5

IEC (meq g−1)

1.6

0.89

0.89

Membrane cost ($ m−2)

300

1350

700

Ionic form (as shipped)

Na+

H+

H+

Table B2. Chemical/physical properties of the anion exchange membrane (AEM)

Membrane type
Backbone polymer
Grafting polymer

AMI-7001

FAB-PPS-130

Homogeneous

Homogeneous

PTFE (dispersion-

PPS (Polyphenylene

cast)

sulfide)

PFSA

PFSA

Quaternary

Functional group

Ammonium

Quaternary Ammonium

Dry thickness (μm)

475

140

Hydrated thickness (μm)

500

150

Conductivity (S cm−1)

0.110

0.064

Basis weight (g m−2)

-

130

Water content (%)

3

2

1.3

1.1

Membrane cost ($ m )

300

2,400

Ionic form (as shipped)

Cl-

Br-

IEC (meq g−1)
−2
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APPENDIX C

Site Sample Collection of Road Salt
- 19L paint buckets, where downpipe nozzle(s) is attached to the spout of the paint
bucket.
- 2” duct tape to secure the buck in place at the site.
- Rocks mounted at the bottom and on the lid for the sampling bucket to stay in place
during collection.

Figure C1: Sampling setup on site with 19L sampling buckets at bridge’s downpipe.
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APPENDIX D
Table D1: Road salt chemical lab analysis through ICP-OES (Sodium) and HPLC Chloride)
White Oak Road

Analysis

Sample
16-Feb-18

Sample Date & Time
Temperature Upon Receipt [at

20.8

London Lab °C]
Temperature Upon Receipt [°C]

6

Alkalinity [mg/L as CaCO3]

44

Conductivity [µS/cm]

18300

pH [no unit]

7.29

Total Dissolved Solids [mg/L]

14700

Nitrite (as N) [mg/L]

<3

Nitrate (as N) [mg/L]

< 0.6

Chloride [mg/L]

10000

Sulphate [mg/L]

330

Hardness [mg/L as CaCO3]

390

Calcium (total) [mg/L]

145

Iron (total) [mg/L]

1.87

Potassium (total) [mg/L]

37.7

Magnesium (total) [mg/L]

6.94

Manganese (total) [mg/L]

0.086

Sodium (total) [mg/L]

11200

Phosphorus (total) [mg/L]

< 0.03
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Table D2: Physical-chemical properties of road salts
Substance

CAS
No.

Specific application

MW

Eutectic2 temperature
(°C)

Working3 temperature
(°C)

Water solubility (g/100mL)
(°C)

Sodium chloride, NaCl

764714-5

Road de-icer and anti-icer, deicing additive for sand

58.44

-21

0 to -15

35.7 (0)
39.12 (100)

Calcium chloride,
CaCl2

1004352-4

Road de-icer, de-icing additive,
anti-icer, suppressant, road
construction

110.99

-51.1

<-23

37.1 (0)
42.5 (20)

n.a.

-12

-33.3

-15

n.a.

<-15

Mixture of
sodium/calcium
chloride (80/20 mix)

Magnesium chloride,
MgCl2

Road de-icer, road anti-icer

778630-3

Mixture of sodium/
magnesium chloride
(80/20 mix)

Road de-icer, de-icing additive,
road anti-icer, dust suppressant

95,21

Road de-icer

54.25 (20)
72.7 (100)

Potassium chloride,
KCl

744740-7

Alternative road de-icer

74.55

-10.5

-3.89

56.7 (100)

Sodium ferrocyanide,
Na4Fe(CN)6·10H2O

1360119-9

Anti-caking additive

484.07

-

-

31.85 (20)
156.5 (98)

Ferric ferrocyanide,
Fe4[Fe(CN)6]3

1403843-8

Anti-caking additive

859,25

-

-

insoluble
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APPENDIX E

Comparison between batch and continuous flowrates:
To measure the strength of the electrochemical desalination cell, a closed circuit desalination cell
containing, a series of electrical resistors was built for standard DBFC (1M NaBH4 and 30%v/v H2O2).

DRContinuous =
Where;

(ᴋinitial − ᴋfinal)
T

(E-1)

DRContinuous = Desalination Rate Conductivity ᴋ (ppt/min)
ᴋint = Initial Conductivity ᴋ (mS/cm)
ᴋ final = Final Conductivity ᴋ (mS/cm)
τ = Retention Time (1/min)

T=

V
(E-2)

Q
V = Volume (ml)
Q = Volumetric Flowrate (ml/min)
τ = Retention Time (1/min)

RBatcℎ =
Where;

(ᴋin − ᴋout)
Time

DRBatch = Desalination Rate Conductivity ᴋ (ppt/min)
ᴋ int = Initial Conductivity ᴋ (mS/cm)
ᴋ final = Final Conductivity ᴋ (mS/cm)
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(E-3)

APPENDIX F

EDC and MDC Performance and Cost Analysis Summary
In the various studies conducted in this research, the table below compares the conductivity
desalination rate. The strength of each desalination cell is shown in terms of current and power density.
Table F1: Summary comparison of EDC, MDC and MDC
Study

1
2

EDC
EDC

3

MDC

4

MDC

Anolyte

Current
Density

Power
Density

DR

T

(A/m2)

(W/m2)

(mS/cm.hr)

°C

H2O2
H2O2

3.70
6.10

2.75
4.40

1.20
4.40

AT
80

Chapter 3
Chapter 3

K3Fe(CN)6

-

0.54

0.13

AT

Chapter 5

Fe+2/Fe+3

5.05

3.75

1.61

Catholyte

NaBH4
NaBH4
Farm Wastewater (Sodium
Acetate Medium)
NaBH4

References

AT

Chapter 5

*AT – Ambient Temperature
Table F2: Comparison of EDC and cathodic MDC (Year 2020)
EDC
($ CAD per Cycle)
Incl. Fixed
Cost
Operating Cost Only
Cell Assembley ($ CAD)
Graphite Plate '0.5" x 12" x 12"
30
Anolyte ($ CAD)
21
21
Catholyte ($ CAD) (Pt/C)
12
12
Anode ($ CAD) (Pt/C)
50
Cathode ($ CAD)
50
AEM-7001 ($ CAD)
5
5
AEM-7000 ($ CAD)
5
5
Nutrients ($ CAD)
Light for Microalage ($ CAD)
Total ($ CAD)
173
43
Cost savings %
Savings % (EDC to PMDC)

29%
56%

30%
37%

MDC
Incl. Fixed
Cost

Operating Cost Only
-

30
5
12
15
50
5
5
122

5
12
5
5
3
30

38%
-

10%
-

Table F3: Competitive costs of fuels and the cost of energy generated on the fuel cell systems. (Year 2020)
Fuels

Free energy (kJ/mol)

Fuel cost

Energy cost ($/kW)

Hydrogen
Methanol
NaBH4

-237
-703
-1273

6.9 $/kg
10.2 $/kg
55 $/kg

200
6b
10.2

H2O2

-120

1.8 $/ton (bulk)

1.84
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APPENDIX G
Process concept flow sheet for a scaled up system:
Basics for scaling-up
•

Electrochemical Fuel Cell: Chemistry

•

Biochemical Fuel Cell: Chemistry, biofilm build-up and constant stable current production at
the electrode (anode or cathode) from bacterial growth and homogeneity over the whole
reactor.

Techno-econmic assessment analysis shall be used to determine the economic performance of both
EDC and MDC systems presented in this research. The evaluation must be based on two factors:
I.

Cost of desalinated road salt solution per gallon ($/gallon of desalinated solution): This is a
measure often used in reverse osmosis (RO) or electro-dialysis (ED).

II.

Cost of electricity generated solution per KW ($/KW): This is also measure often used with
microbial desalination cells (MDC) or Photosynthetic MDC (PMDC).
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